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ABSTRACT 
 
 The focus of this research is to gain a better understanding of multicomponent 
drying behavior of semicrystalline polymers.  A combination of experimental and 
theoretical approaches was used in this work.  A mathematical model involving free-
volume theory and solvent-induced crystallization kinetics as the backbone was 
developed to examine the complex relationship between polymers and solvents during 
drying.  External conditions such as temperature, external mass transfer rate and film 
shrinkage were considered.  A poly(vinyl alcohol)/water/methanol test system was 
chosen.  The parametric studies of the model show that it can be adapted for wide range 
of initial and operating conditions, and the interactions of the two solvents with each and 
with the polymer were found to have a significant effect on residual solvent content.  A 
gravimetric method was used to validate the model’s predictions.  The model was 
extended for glassy polymer systems.  The effects of glassy skin formation on drying 
characteristics were investigated.  The solvent diffusion behavior differed significantly 
from rubbery phase to glassy phase and affected the overall solvent removal rate.  
Experimental techniques were used to examine the predictions of the model and were 
found to be in good agreement.  The crystallinity of poly(vinyl alcohol) during drying 
was examined using infrared spectroscopy and  the development of crystals during drying 
was monitored and rate of crystallization determined.  These insights into the drying 
process led to the development of multi-zone drying scheme aimed at lowering the final 
solvent content within the polymer.  Drying temperature and partial pressure of each 
solvent within each zone were manipulated to optimize drying behavior and minimize 
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residual solvent content.  We found that the multi-zone was superior in removing more 
solvents from the film than the single zone method, as predicted by our models.  Drying 
processes in polymers are important in determining final properties of the polymer.  This 
research helps us understand the drying behavior of semicrystalline polymers and can be 
used to develop new strategies based on these insights, to improve drying processes.  
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CHAPTER 1 
Introduction and Literature Review 
 
General Introduction 
 Polymers, such as protein and cellulose, can be found naturally while others like 
polyethylene, polystyrene and nylon are created in laboratory.  Polymers are formed when 
individual monomers are linked through covalent bonds to create a macromolecular structure.  
Synthetic polymers can be formed by two general polymerization methods; chain 
polymerization and step polymerization.  Synthetic polymers were produced beginning with 
Bakelite and Glyptal in the 1910s,1,2 and other polymers such as poly(vinyl chloride), 
polystyrene and nylon were created as a knowledge of polymer structure and its properties 
were discovered.  Polymers are used in many areas because of their desirable properties for 
the selected applications.  Polymers are used widely to produce many of items we use daily. 
One area of application for polymers is the production of polymeric thin films and 
coating including photographic films, adhesives, magnetic media and membrane 
separation.1,3  These processes are used in a wide range of industries and affect many of the 
consumer products we buy today, and potential new products of the future.  Since each 
application requires a specific set of properties, the selection of polymer or a blend of 
polymers can be tailored toward achieving these goals.  Besides polymer selection, the 
processing technique is an important aspect toward achieving the desired properties.  
Generally, the films can be fabricated by depositing a thin layer of polymeric solution on to a 
substrate and forced air convection ovens are used to remove the solvent from the film.  The 
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drying process has great influence on the final properties of the film.  As such, the 
understanding of the drying behavior of polymer is crucial. 
The focus of this research is to gain better understanding of the drying behavior of 
polymers and solvent removal mechanisms during the drying process.  The first step towards 
understanding this behavior is the development of a new mathematical model that accurately 
describes the relationship between solvent diffusion, solvent-induced crystallization, various 
polymer-solvent and solvent-solvent interactions within the system as well as film shrinkage 
during drying.  Next, we took another step forward to develop a more comprehensive 
mathematical model to describe the drying behavior of glass polymers, and examine how 
glassy skin formation affects all the interactions described earlier.  A separate yet equally 
important path is taken to examine this behavior through experimental means.  Various 
experimental techniques such as calorimetry and thermogravimetry were employed to 
determine the rate of solvent removal and to validate the model’s prediction.  We examined 
the solvent-induced crystallization effect within the polymer during drying using infrared 
spectroscopy.  Several studies were conducted and the results were compared to the 
mathematical model developed earlier.  With these results, we explored the effectiveness of a 
multi-zone drying scheme by varying the drying temperature and solvent’s bulk partial 
pressure that takes advantage of different solvent diffusivity behavior within the system 
during drying, and compared this scheme to single zone drying.  Each step taken here 
expands the knowledge we have on the drying behavior of polymer-solvent systems and can 
help lead to better design of drying process and development of new applications of polymer 
systems that can take advantage of the knowledge learned here. 
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Dissertation Organization 
 The dissertation follows the search of knowledge from introduction to the subject and 
the necessary background information to the development of methods and techniques 
required to answer the questions posed on route towards better understanding of the drying 
behavior of semicrystalline polymers.  Chapter one introduces the subject, reviews the work 
done by others and provide the background knowledge needed for the subsequent chapters.  
Chapter two is a paper published in Polymer that describes the development of a 
mathematical model to examine the complexity of the solvent diffusion within polymers, the 
development of crystals, as well as the shrinkage of the film during drying.  Chapter three is 
a paper published in Journal of Polymer Science: Part B: Polymer Physics that discusses a 
new mathematical model for glassy polymers that incorporates most of the previous model’s 
features, as well as some new ideas in improving the accuracy as well as the capability of the 
model.  Chapter four is a paper to be submitted to Journal of Polymer Science: Part B: 
Polymer Physics discussing the crystallization behavior of semicrystalline polymers using 
experimental techniques and mathematical modeling.  Chapter five is a paper submitted to 
Journal of Applied Polymer Science with the aim of optimizing the drying process by 
introducing a new multi-zone drying scheme and examines its effectiveness against the 
conventional single zone drying scheme.  Finally, chapter six concludes the dissertation by 
revisiting the paths taken previously and the future directions of this research. 
 
Drying Mechanism of Semicrystalline Polymer Systems 
To understand the drying mechanism of semicrystalline polymer systems, a 
comprehensive examination of individual characteristics of the drying process is needed.  
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Typical drying involves blowing hot air through the surface of the polymer system and its 
substrate, as shown in Fig. 1.  This system involves dissolving polymers in single or multiple 
solvents and casting the solution on a substrate.  As the system is subjected to this drying 
environment, evaporation of the solvents at the polymer-surrounding interface will create a 
concentration gradient, and generate a driving force for the diffusion of solvents within the 
system to this interface.  The rate of solvent evaporation is determined by several factors 
including the temperature of the system, the velocity of the air-flow and the solvent content 
in the air. 
Diffusion of the solvents is dependent on the concentration gradient of the solvents, 
the molecular structure of the polymer, the properties of the solvents, as well as the 
temperature of the system.  Since the diffusion rates of individual solvents differ, the 
interaction between the polymer and each solvent and between the solvents themselves inside 
the system need to be examined.  Changes in the polymer structure have an effect on 
solvents’ diffusion.  Crystallization of the polymer will hinder the diffusion of the solvents.  
With semicrystalline polymers, solvents need to move around the crystals before arriving at 
the interface, where evaporation occurs.  Furthermore, the diffusion of solvents differs 
depending on what phases are present in the polymer.  
The rate of diffusion is significantly different in rubbery region and glassy region, 
where chain mobility has an effect on how solvent diffuses.  Some polymers, with high glass 
transition temperature, Tg, are glassy at room temperature.  Nonetheless, under the influence 
of solvents, the Tg can drop below room temperature, and a rubbery region is formed.  With 
solvent removal, the Tg of the polymer increases and a creation of a glassy region begins.  
This glassy region hinders the diffusion of solvents out of the system.  To accurately measure 
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the solvent removal rate, these key features must be considered.  The following sections will 
describe in detail the role of each aspect of the drying process. 
 
Solvent Diffusion in Polymers 
Diffusion is a process of transport of material in space due to thermal migration of 
particle.  In general, the diffusion of solvents in a polymer for binary systems follows Fick’s 
law: 
x
cDJ ∂
∂−=  (1) 
and  
⎥⎦
⎤⎢⎣
⎡
∂
∂
∂
∂=∂
∂
x
cD
xt
c  (2) 
Here, J is the net flux of the diffusing solvent across unit area, D is the mutual diffusion 
coefficient, and c is the concentration of the solvent.  According to the Fick’s first law (Eqn. 
1), the amount transported depends on the concentration gradient of material.  The Fickian 
diffusion can be characterized by determining the mutual diffusion coefficients and its 
dependence on concentration, temperature and pressure.  There are cases where non-Fickian 
diffusion has been observed in polymer-solvent systems, such as viscoelastic stresses in the 
polymer entanglement network.4 
 
Vrentas-Duda Free Volume Theory of Diffusion for Binary Systems 
The free volume theory has been used to describe the mutual diffusion as well as self 
diffusion for polymer system.  Cohen and Turnbull5 presented the first theoretical basis for 
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free volume theory.  This theory was improved over the years by Cohen and Turnbull 
themselves as well as other researchers in the field.6-12  One version of the theory suggest by 
Macedo and Litovitz8 shows that the self-diffusion coefficient, D1: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −⎟⎠
⎞⎜⎝
⎛ −=
FHV
V
RT
EDD
*
1
01 expexp
γ  (3) 
where D0 is the pre-exponential factor, FHV  is the average hole free volume per molecule, 
*
1V  is the critical local hole free volume required for a molecule of solvent to jump to a new 
position, and γ  is the overlap factor since the free volume is available to more than one 
molecule.  This equation was expanded by Vrentas and Duda13-18 for binary polymer-solvent 
systems by incorporating the critical local hole free volume for polymer and solvent , the 
weight fraction of polymer and solvent ω
*
iˆV
i, and average hole free volume for a binary system 
: FHVˆ
( )
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +−⎟⎠
⎞⎜⎝
⎛ −=
FHV
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*
22
*
11
01
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)()(
ˆ
222
12
2121
11
1 TTK
KTTKKV ggFH +−++−= γωγωγ  (5) 
In Eqn. 5, the average hole free volume is determined based on the assumption that it is a 
function of total hole free volume, the number of solvent jumping unit as well as the number 
of polymer jumping unit; and the equation reflects those contribution.  Here, K11 and K21 are 
the free volume parameters for solvent, and K21 and K22 are free volume parameters for 
polymer.18,19  The Tgi are glass transition temperatures for solvent and polymer. 
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Microscopic View of Diffusion 
Frenkel20 proposed a picture of diffusion at the microscopic level, detailing individual 
steps needed for diffusion to take place.  Before these steps can take place, a clear definition 
of free volume is needed.  Free volume  is defined as the difference in specific volume of 
the material at the current temperature  and the specific volume at 0 K  as shown in 
Eqn. 6.  The value of can be estimated as discussed by Haward.
FVˆ
)(ˆ TV )0(Vˆ
)0(Vˆ 21  Also, this value is 
assumed to be independent of the molecular weight.22,23 
)0(ˆ)(ˆˆ VTVVF −=  (6) 
As the expansion of material occurs with the increasing temperature, the free volume is 
created by two ways: the increasing amplitude of anharmonic vibration, and the formation of 
holes or vacancies.  The first type is known as interstitial free volume  and the other is 
hole free volume  (Eqn. 7).  According to Frenkel, the energy of redistribution of 
interstitial free volume is large enough that these free volumes are distributed uniformly 
throughout the material.  As for hole free volume, the redistribution of these holes does not 
increase the energy.  This allows the hole free volume to be used as for molecular transport 
and serve as the basis for free volume calculation. 
FIVˆ
FHVˆ
FHFIF VVV ˆˆˆ +=  (7) 
In order for solvent molecules, or solvent jumping units, to jump, a hole must be formed at 
the new location.  This hole is created by surrounding particles that move to another location.  
When critical energy for a molecule to overcome the attractive force holding it to its 
neighbor is achieved, this particle will jump to the hole.  This jumping of molecules results in 
a creation of a new hole at the initial site, thus allowing its surrounding neighbors the 
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opportunity for the next jump to take place.  The activation energy in this case can be view as 
the energy required for hole formation.  A successful diffusive move will be completed when 
a solvent jumping unit jumps to another hole, and the hole created by its jump are filled with 
another solvent jumping unit, before the original solvent jumping unit returns to its previous 
position.  These series of moves are illustrated in Fig. 2. 
Several assumptions are made for the above scenario to take place.  First, the 
fluctuation of the formation and the disappearance of the holes will involve multiple particles.  
The critical volume required is the same as the actual size of the solvent molecule jumping 
unit.  This volume however, is not related to the polymer jumping unit.  The size of the 
jumping unit does not change the probability of the finding a hole next to itself.  Finally, the 
energy of the hole formation is independent of the polymer concentration. 
 
Determination of Free Volume Parameters 
From Eqn. 4 and 5, there are nine parameters (D0, E, ξ, γ
11K , , 121 gTK − γ
12K , 
, , ) that need to be determined in advance.  Each of these parameters carries 
significant physical meaning and can be determined from correlation and from experiment 
data
222 gTK − *1ˆV *2Vˆ
24 and compared with diffusive data obtained through techniques like inverse gas 
chromatography.25-27  D0, E, γ
11K , 121 gTK −  can be determined by using viscosity-
temperature and density-temperature data.  This is done by nonlinear regression analysis of 
these data by coupling of self-diffusion equation and solvent viscosity expression proposed 
by Dullien.28,29  Since ξ is the ratio of critical molar volume of solvent jumping unit to the 
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critical molar volume of polymer jumping unit, this value can be obtained from diffusion 
experiment data using multiple solvents with the same polymer.  The parameter γ
12K and 
can be determined using Williams-Landel-Ferry constants and glass transition 
temperature that are readily available.
222 gTK −
30  Finally, the values of and can be estimated 
from the equilibrium liquid volume at 0 K.  As shown, this theory is labeled as correlative 
theory based on the fact that it does require some diffusion data for the determination of 
parameters.  A predictive form of the theory, where no diffusive data is needed, was 
developed to test the applicability of the theory and it is shown that the theory holds well in 
absence of diffusive data.
*
1ˆV
*
2ˆV
16,31  
 
Mutual Diffusion Coefficients 
There is no direct relationship derived between mutual diffusion coefficient and self 
diffusion coefficient.  In the absence of that, mutual diffusion coefficient can be related to the 
friction coefficient as shown by Bearman.32  Through the same method, the relationship 
between self diffusion coefficient and friction coefficient can be determined.  From these 
relationships, the mutual diffusion coefficient can be expressed in term of the self diffusion 
coefficient as shown in Eqn. 8: 
PTRT
VDD
,1
1221
ln
ˆ
⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
∂= ρ
μρ  (8) 
where ρ2 and are the density and specific volume of the polymer and μ2Vˆ 1 is the chemical 
potential per mole of the solvent.  To accurately calculate the mutual diffusion coefficient, 
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expression for determination of D1, and μ2Vˆ 1 are needed.  In this case, the self-diffusion 
coefficient is calculated based on free volume theory described earlier, the value of and μ2Vˆ 1 
are determined using Flory-Huggins theory.33-39  Also, the chain entanglement theory by 
Beuche40 is used to describe the influence of polymer molecular weight in diffusion of 
solvent.  The contribution of the self diffusion of polymer is negligible here.  With the 
appropriate equations, the mutual diffusion coefficient is reduced to Eqn. 9: 
)21()1( 1
2
11 χφφ −−= DD  (9) 
where χ is the polymer-solvent interaction parameter and φ1 is the volume fraction of the 
solvent.  The value of χ is assumed to be constant and independent of the temperature and 
concentration, and can be determined from solubility data41,42 or semi-empirical equation.43 
Despite the fact that the use of free volume theory and its supporting equations are 
valid throughout a large part of solvent diffusion, there are some limitations to this theory.  
This theory is not valid at low polymer concentrations.  At low concentrations, the polymer 
radius is significantly different from the unperturbed radius, and the picture described by 
Frenkel is no longer valid.  Furthermore, hydrodynamic interaction between the polymer 
chains is much stronger in this scenario.  Another limitation of the theory is observed when 
the temperature is much higher then the glass transition temperature.  At this stage, the 
dominant transport resistance shifts from free volume effect to the activation energy 
requirement.  Finally, this theory carries an inherent assumption that the diffusive transport 
follows the classical diffusion theory.  This may not be the case at low temperature or low 
concentration where non-classical effects have been observed.  Also, non-classical effects 
such as polymer relaxation are not considered in the formation of the diffusion coefficient.  
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With that said, by using the free volume theory with equations presented and experimental 
data from pure liquids, mutual diffusion coefficient and its dependent on concentration, 
molecular weight and temperature for amorphous polymer-solvent system can be determined. 
 
Diffusion in Ternary Polymer-Solvent-Solvent Systems 
With the polymer-solvent diffusion described above as basis, a new formulation for 
the diffusive behavior of multiple solvents in polymers was investigated and derived.44  For a 
ternary system, the Vrentas-Duda free volume theory takes the following form:45-48 
⎥⎥
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⎡ ++
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23*
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22  (11) 
)()()(
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13
3222
12
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1 TTK
KTTKKTTKKV gggFH +−++−++−= γωγωγωγ  (12) 
The description of each term has been discussed in previous sections.  In these equations, the 
solvent 1 is denoted as component 1, solvent 2 is denoted as component 2 and polymer is 
denoted component 3.  Again, in order to accurately evaluate the self-diffusion coefficients, 
these parameters (D01, D02, E1, E2, ξ13, ξ23, γ
11K , 121 gTK − , γ
12K , , 222 gTK − γ
13K , 323 gTK − , 
, , ) need to be determined beforehand.   *1ˆV
*
2ˆV
*
3ˆV
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Since there are three components involved, the mutual diffusion coefficients take 
form of a four component diffusion matrix.  D11 and D22 are the main diffusion coefficient, 
while D12 and D21 are the cross diffusion coefficient:46,47 
1
2
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1
111111
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μρρρ
μρρ ∂
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RT
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222222
1ˆ1)ˆ1( ρ
μρρρ
μρρ ∂
∂−∂
∂−=
RT
VD
RT
VDD  (16) 
In the development of these mutual diffusion coefficients, the Flory-Huggins theory was 
extended to the ternary system as well, as shown in Eqn. 17 and 18.49  The same convention 
for component index is used: 
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Here,  is the molar volume for component i.  The interaction parameters between solvents 
and polymer χ
m
iV
13 and χ23 are determined based on individual polymer-solvent solubility data 
or semi-empirical equation described above.  For the interaction parameter between solvent 
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and solvent within the polymer system χ12 is calculated from liquid-vapor equilibrium curve 
fitting such as non-random two liquid method.50  Again, the composition dependence of χ12 
was investigated.51 
 
Diffusion in Glassy Polymers 
The diffusion behavior in glassy polymers differs significantly from rubber polymers.  
Glassy amorphous polymers are essentially non-equilibrium liquids and there is virtually no 
variation of polymeric structure at a particular solvent concentration within a considerably 
large timeframe.  The only change in structure comes during the change in solvent 
concentration.  This is known as an elastic diffusion process.  Nevertheless, the diffusion in 
glassy polymers follows the classical diffusion theory, and thus free volume theory can be 
extended to analyze the diffusive behavior of solvents in glassy polymers.  Vrentas and Duda 
developed models describing the diffusion in glassy polymers at the limit of zero solvent 
concentration.52,53  This will serve as the basis for the free volume theory extension into finite 
concentration of solvent in glassy polymers.   
In determining the self diffusion coefficient of solvent, Eqn. 8 is still valid.  The 
difference between the rubbery polymer and glassy polymer is in the determination of 
average free volume within the polymer.  To incorporate the glassy behavior of the polymer, 
formulation of γ
FHVˆ  is changed as shown in Eqn. 19. 
[ ][ ][ ]
)()(
1)(ˆ
ˆ
222
12
2121
11
1
2212212
0
22
TTKKTTKK
ATTATVV
gg
ggg
FH
+−++−+
−+−−=
γωγω
ααωαωωγ  (19) 
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In Eqn 19, a new term was added to reflect the change in volume reduction by the glassy 
phase compared to equilibrium polymer state.  Previously defined terms are not mentioned 
here.   is the specific volume of equilibrium liquid polymer at the glass transition 
temperature of the pure polymer.  α
)(ˆ 2
0
2 gTV
2 and α2g are the thermal expansion coefficients for 
equilibrium liquid polymer and glassy polymer respectively.  A is a coefficient dependent on 
the nature of the solvent used to depress the glass transition temperature.  A linear 
approximation for glass transition calculation is introduced: 
12 ωATT ggm −=  (20) 
where Tgm is the depressed glass transition temperature at a particular polymer-solvent 
concentration.  Along with parameters described earlier, , α)(ˆ 202 gTV 2 and α2g  can be 
obtained from literature, while Tgm can be obtained from experimental data where glass 
transition temperatures are measured at different solvent concentrations.  In absence of these 
data, approximation proposed by Chow54 can be used.  Taking the derivative of   with 
respect to the solvent concentration reveals that the increase in solvent concentration might 
have a negative effect on the overall free volume and this can be attributed to the possible 
collapse of the polymer structure when solvent is introduced.  This behavior is a direct 
opposite of what occurs in rubbery polymers.  
FHVˆ
To develop the mutual diffusion coefficient, Eqn. 9 is again valid.  However, a new 
expression for thermodynamic contribution is needed:55 
( ) [ 2221122011 ln1ˆˆ χφφφωμμ +++⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−+= RTM
T
TACC
gm
pgp ] (21) 
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where and  are the specific heat capacity at constant pressure for the equilibrium 
liquid polymer and glassy polymer, respectively, while M
pCˆ pgCˆ
1 is the molecular weight of the 
solvent.  With this new contribution, the mutual diffusion coefficient in glassy polymer can 
be obtained. 
 
Diffusion in Semicrystalline Polymers 
Diffusion of solvents is affected by the crystalline structure within the polymer.  
Crystalline structure reduces the availability of free volume for diffusion.  Solvents cannot 
diffuse through a crystalline structure; they must diffuse around it within the amorphous 
phase of the polymer.  In the calculation of solvent self diffusion coefficients, a tortuosity 
factor τ is introduced:56 
a
c
c D
vD 11
)1(
τ
−=  (22) 
where D1c is the diffusion coefficient of the semicrystalline polymer, vc is the volume fraction 
of crystalline polymer, and D1a is the diffusion coefficient correspond to amorphous polymer.  
D1a can be calculated based on free volume theory as discussed.  In essence, the free volume 
theory can be extended to semicrystalline polymers by the addition of tortousity factor.  The 
value of τ is determined by the shapes and sizes of the crystalline phase.  However, for most 
polymer systems, the value of 3 is used.57,58 
 
Crystallization of Polymers 
In solid state, polymers exist in two different phases, the amorphous phase and the 
crystalline phase.  In amorphous phase, the polymer chain conformation resembles a random 
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coil, where the polymer chains are inter-penetrable with each other.  In the crystalline phase, 
polymer chains are folded into a structured lattice of various forms.  While some polymers 
have only amorphous phase present, crystalline phases are usually surrounded by a sizable 
amount of amorphous phase, as shown in Fig. 3.  Polymers that demonstrate this behavior are 
known as semicrystalline polymers.  
Regularity of the structure is an important factor in determining whether a polymer 
can crystallize.  Generally, isotactic and syndiotactic polymers do crystallize, while atactic 
polymers do not.  One distinct feature of semicrystalline polymers is that they exhibit a first 
order transition known as melting.  During the melting process, the polymer chains begin to 
relax and fall out of the crystal structure.  Above the melting temperature, the crystal 
structure is completely eliminated and the only phase that exists is the amorphous phase. 
From a thermodynamic point of view, the crystallization of polymers can be related to 
their free energy.  The free energy, G, is a function of the enthalpy, H, and the entropy, S, as 
shown in Eqn. 23: 
TSHG −=  (23) 
where T is the thermodynamic temperature.  During crystallization, the enthalpy of the 
polymer drops significantly, enough to offset the change in entropy due to the high degree of 
order that the crystal structure presents.  For crystallization to occur, the latent heat of 
crystallization (ΔTm) must be greater than the product TmΔSm in order to favor the lower value 
of G.59 
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Crystals Morphology 
When a semicrystalline polymer is cooled from the melt, the molecules lose mobility 
and become frozen in space.  In addition, molecule starts to rearrange itself to a closely 
packed formation and less random from the liquid state.  This change in molecule formation 
results in volume changes as well as changes in expansion coefficient, due to the loss of 
degree of freedom within the polymer.  This process is reversible; by bring the temperature 
of the polymer above its melting temperature, the order can be destroyed.  This is shown in 
Fig. 4, where the discontinuity in the volume versus temperature profile of a polymer 
indicates melting.  As mentioned before, in polymers, there is still a considerable amount of 
amorphous phase even after crystallization occurs.  This can be observed when 
semicrystalline polymers undergo glass transition, demonstrating that this disorder structure 
still exist within the polymer. 
The crystallization of polymers can be observed by optical microscopy.  For example, 
during crystallization of poly(ethylene oxide) from melt, a birefringent spherical unit can be 
seen nucleate and grow outward under the microscope; this is known as a spherulites, though 
it might not be the only reason for birefringent behavior.  Depending on the characteristics of 
the polymer, the shape of the spherulites may differ from each other due to different 
nucleation and growth rates.  Beside spherulites, other crystal structure such as fibrils, 
hedrites and extended-chain lamellae exist in polymers.  Various techniques such as 
microscopy, X-ray diffraction and light scattering can be used to characterize the structure of  
crystalline polymers.2,60-64 
The morphology of crystals formed from polymer melts and dilute polymer solutions 
differ from each other due to several key differences in crystal nucleation and growth.  In 
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polymer melts, the polymer chain does not always fold with adjacent reentry while in dilute 
solution, this is known to take place.  Table 1 shows the reentry statistic of polymer crystals.2  
Reentry occurs when the same polymer chain folded and aligns next to itself to form a 
lamellar structure.  Furthermore, the impingement and chain entanglement in bulk polymers 
are important factor in determining the crystals structure.  Such processes have no impeding 
role in determining the structure of crystals formed from dilute solution.  
The folded-chain model, illustrated in Fig. 5, was proposed by Keller.65  In this model, 
the polymer chain folds back and forth with hairpin turn to form a lamellar sheet of diamond 
shape.  Keller prepared single crystals of polyethylene from a dilute solution of hot xylene, 
and this structure was confirmed by electron diffraction analysis.  Depending on the 
concentration of the solution and the crystallization rate, multi-layer structures like twins, 
spirals and dendrities may form. 
 
Crystallization kinetics 
There are two phases of crystallization of polymer chains: nucleation and growth.  
Throughout the years, three main theories on crystallization kinetics for polymer melts have 
emerged: the Avrami equation,66-71 the Keith-Padden kinetics of spherulitic crystallization61-
63 and kinetic nucleation theory of chain folding.72-79  For the Avrami equation, the crystals 
growth rate can be determined by the following equation: 
n
t ZtX −=− )1ln(  (24) 
where Xt is the volume fraction of the crystalline polymer, while Z and n are Avrami 
constants that are dependent on the shape of the crystals as well as the crystallization 
mechanism; this is not dependent on whether nucleation occurs in a predetermined form or 
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sporadic form.  For the Keith-Padden kinetic of spherulitic crystallization, the crystal radial 
growth rate G is determined by Eqn 25: 
RT
F
RT
E
eeGG
*
0
Δ−Δ
=  (25) 
In this equation, ΔE represents the free energy of activation for a chain crossing the barrier of 
the crystals while ΔF* is the free energy of formation of a surface nucleus of critical size. 
For dilute solutions, the dominant crystallization mechanism is chain folding.  
Polymer chains tend to be isolated from each other in good solvents at low concentration.  
Since polymer chains are isolated, primary nucleation tends to initiate chain folding of 
individual polymer chains.  In sufficiently dilute polymer solutions, chain folding is 
kinetically favorable over bundle-like nuclei containing multiple segments from different 
polymer chains as in bulk crystallization.  Keller and O’Connor80 suggest a crystallization 
model where crystals from by folding the backbone as they progress outward in a double 
spiral form.  Two important distinctions of this model from other crystallization models are: 
first, it is possible to form nuclei from single polymer chains and second, crystals formed by 
this method have sharp and definite boundaries between amorphous and crystalline regions.  
In contrast, for bulk crystallization, polymer chains are known to extend from crystalline 
region to amorphous region. 
Free energy required to form a bundle-like crystalline structure is higher than the free 
energy required to form double spiral single crystals.  The creation of bundle-like crystalline 
structures require multiple polymer chains within close proximity and this will lead to a high 
change of entropy between the crystalline state and solution state.  This high cost of entropy 
will increase the free energy of bundle-like crystals and make it unfavorable compared to 
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single crystal formation.  The entropy penalty continues to prevent the growth of the crystals 
that involve two or more polymer chains. 
Since only single crystals are formed, the growth time for the crystals is negligible.  
The nucleation process is equivalent to the sporadic formation of primary crystallite.  The 
rate of nucleation is calculated from the free energy difference of the crystals relative to the 
polymer in solution state, Δf: 
m
f T
Thf ΔΔ=Δ  (26) 
where Δhf  is the heat of fusion per unit volume of crystal and Tm is the equilibrium melting 
temperature of the crystal.  Based on this equation, the average rate of nuclei formed 
isothermally per unit volume, k1, is: 
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where σe and σs is the end and side surface free energies for the crystal, ΔG is the free 
volume change for polymer folding, and l, b, and w are the length, thickness and width of the 
crystals respectively.79 
 
Infrared Spectroscopy and Poly(vinyl alcohol) Spectrum 
 Infrared spectroscopy has been used to characterize materials for a long period of 
times and it has the great advantages of studying different material at different states.81,82  
The principle of infrared spectroscopy centers around the ability of molecules to absorb and 
dissipate energy in a quantized discrete way.  When a specific amount of energy is absorbed, 
the energy state of the molecule increases, and when the opposite occurs, the energy state of 
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the molecule drops.  For a molecule to be infrared-active, its dipole moment must change 
during vibration of the molecule.  There are several modes of vibration that a molecule can 
undertake: stretching, bending, deformation, rocking, wagging and twisting to name a few.  
With these features, an infrared spectrometer can be used to determine the chemical bonding 
and crystal lattices of the molecule from the transmission, reflection and the scattering of the 
infrared light.  In a Fourier-transform infrared spectrometer (FT-IR), an infrared source is 
passed through an interferometer before reaching the sample and the detector behind it.  Fig. 
6 shows the schematic of a typical FT-IR.  By using an interferometer, the scanning rate of 
the FT-IR is improved greatly over the previous generation. 
 Each material has a unique IR fingerprint.  Fig. 7 shows the IR spectrum of 
poly(vinyl alcohol) from the 4000cm-1 to 400cm-1 (mid IR region).  Because of the size of the 
molecule, the spectrum is very complex and there remain some ambiguities toward the 
assignment of features of the spectra to its molecular structure.  Table 2 shows the selected 
frequency and the assignment of the frequency of PVA.83,84  Studies have found that the 
1141cm-1 peak is crystallinity-sensitive.  The increase in the intensity of the peak corresponds 
to the increase in degree of crystallinity of the sample.83-86  Nevertheless, the exact nature of 
the peak is still debated.  Tadokoro84,85 assigned the peak to the symmetric C─C stretching 
mode of the extended zig-zag chain in crystalline region, while Krimm83 suggested that the 
band is associated with C─O stretching model of a portion of a chain where intramolecular 
hydrogen bonds are formed.  To correlate the intensity of the 1141cm-1 peak to the degree of 
crystallinity, Sakurada87 took  the height of the 1141cm-1 peak down to the extended intercept 
line between 1080cm-1 and 1130cm-1, then divided by the height of the 1430cm-1 peak down 
to its base.  The weighted height of the peak of known degree of crystallinity sample was 
  22
measured, and resulted in a linear relationship between the weighted intensity and the degree 
of crystallinity.86,88  This method can be used to measure the degree of crystallinity of PVA 
with reasonable accuracy. 
 
Survey of Drying Models 
As discussed in previous section, a mathematical model requires multiple elements to 
accurately describe the drying process.  Models have been proposed by numerous researchers 
using the elements described above to try to understand and predict the behavior of polymers 
during drying, with the goals of further understand this behavior as well as creating an 
effective screening and optimization tools for the industries.  While there is a lot of work 
done in the development of drying models by researchers,4,89-99 selected few will be 
discussed here. 
 
Drying of Amorphous Binary Polymer-Solvent Systems 
Alsoy and Duda3 developed a drying model to predict the concentration profile of 
poly(vinyl acetate)-toluene system.  This model coupled heat transfer, mass transfer and 
diffusion induced convection to look at the concentration, the film thickness, as well as the 
temperature of the system during drying.  For diffusion of solvents within the polymer, 
Vrentas-Duda free volume theory was used.  Material jump balance is used to describe the 
mass transfer of solvents through the polymer-gas interface.  Volume average velocity is 
chosen instead of mass average velocity to reduce the complexities of the problem when the 
density of the polymer and the solvent differs.  Due to relative high heat transfer resistance 
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outside the system compared to within the system, the uniform temperature within is 
assumed.  The temperature of the system is determined by Eqn. 28: 
s
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where is the latent heat of vaporization, , vHˆΔ Gh GT , , gh gT  are the heat transfer 
coefficients and hot air temperature for top side (polymer-gas interface) and bottom side 
(substrate-gas interface) respectively.  The superscript p and s represent polymer and solvent.  
This model assumes that the polymer is above glass transition temperature of the polymer-
solvent system at all times, and thus glassy skin does not develop during drying.  A fixed 
boundary is used to eliminate the complication from grid formation, and a variable grid is 
developed using Eqn. 29: 
))1(1( 11 −− −+= iiii hhh βηα  (29) 
where α and β are constants.  This model is solved by finite difference approximation using 
modified Powel’s hybrid algorithm.100 
 Alsoy101 also looked into applying previously developed mathematical models to 
examine the effectiveness of multiple zone ovens in drying of polymer-solvent system.  
Mathematical model developed by Vrentas and Vrentas102 and Alsoy and Duda46 were used 
to examine the effectiveness of the multi-zone drying scheme for amorphous polymers.  
Alsoy looked at two different polymer-solvent systems and found that the multi-zone drying 
scheme is beneficial in producing better product quality in terms of lowering the final solvent 
residue and the rate of drying.  This also shows the capabilities of mathematical models in 
improving the design of ovens and drying conditions.  
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Price and Cairncross103,104 developed a drying model for single zone drying with the 
intent of defining and calculating the optimum drying condition for a particular polymer-
solvent system.  In their opinion, the optimum drying condition is achieved when the solvent 
residual within the polymer is minimized without the development of blister defect due to 
solvent boiling.  Criterion used in determining the formation of blisters is the minimum 
bubble point temperature.  They hypothesize that if this temperature is achieved within the 
polymer, blister will form and this temperature served as the upper limit of the temperature 
profile of the polymer during the entire drying process.  Since this temperature is dependent 
on the solvent composition within the film, the temperature is subject to changes during 
drying.  In their model, Vrentas-Duda free volume theory and Flory-Huggins theory were 
used to develop the diffusion portion of the model.  At the polymer-gas interface, mass 
balance equating diffusion of solvent to the polymer surface and external mass transfer of the 
polymer is written.  The rate of polymer film shrinkage is written based on volume balance 
and the amount of solvent that left the system:  
)(ˆ ∞−−= GSGSSG PPVkdt
dX  (30) 
Here, kG is the mass transfer coefficient, which is calculated by Chilton-Coburn analogy with 
heat transfer coefficient.   is the specific volume of the pure solvent.  and is the 
equilibrium solvent pressure at interface and at bulk respectively, calculated using Flory-
Huggins theory and Antoine equation.  For heat transfer, the uniform temperature within the 
polymer assumption is removed and convective heat transfer is assumed at the boundaries 
while conductive heat transfer is used for within the polymer.  In addition, an automated 
constrained optimization procedure utilizing modified Levenberg-Marquardt nonlinear least 
SVˆ
G
SP
∞G
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square regression subroutine105 is used for optimizing the oven temperature and heat transfer 
coefficient that give the lowest solvent residual at the end of drying.  
 
Drying of Binary Semicrystalline Polymer-Solvent Systems 
Ngui and Mallapragada106 have developed one of the first model in determining the 
drying behavior of semicrystalline polymers in a single solvent.  The polymer-solvent system 
of their choice is poly(vinyl alcohol)(PVA)-water system.  The reason behind the choice of 
PVA is that the polymer is readily crystallizable and can be cast into films easily.  In their 
study, a three component drying model consisting of amorphous polymer, crystalline 
polymer and solvent is developed.  In describing the diffusion contribution, free volume 
theory developed by Fujita107,108 is chosen.  The mutual diffusion coefficient D is calculated 
by Eqn. 31: 
[ 102 exp)1( vaDvD Dcτ
−= ] (31) 
where v2c is the volume fraction of crystalline polymer, is the tortuosity factor, D0 is the pre-
exponential factor, which have Arrhenius type dependent on temperature.  aD is a constant 
calculated experimentally from spin NMR studies,109 while v1 is the solvent volume fraction.  
In calculating the chemical potentials, Flory-Rehner equation is chosen.  At the polymer-gas 
boundary, a pseudo-equilibrium assumption is used where chemical potential on either side 
of the boundary is equated, resulting Eqn. 32: 
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For crystallization kinetics within the polymer, theory developed by Lauritzen and Hoffman79 
is used and the crystal growth rate is set as: 
11
2 vk
t
v c =∂
∂
 (33) 
where k1 is the first order kinetic coefficient.  To describe the shrinking film problem, 
immobilization of the coordinate is applied based on the Laudau transform.110  The rate of 
change of the thickness of the film is derived from the diffusion of solvent at the polymer-gas 
boundary.  Experimental techniques were developed to verified their model.111  Furthermore, 
they extended this model to incorporate the development of glassy skin.112 
 
Drying of Binary Glassy Polymer-Solvent Systems 
Vinjamur and Cairncross113,114 looked into the development of glassy skin during the 
drying process.  This transition develops in certain polymers during the drying process and it 
is desirable in some cases such as membrane production but undesirable in other cases like 
coating drying.  The skinning phenomena can be classified into three classes; literal skinning 
when the top layer is solidified while the deeper layer is still liquid, figurative skinning when 
internal resistance control the diffusion and causes a steep concentration gradient at the 
surface, and trapping skinning when anomalous behavior of the solvent flux does not behave 
according to the driving force of diffusion and this behavior cannot be explained by 
molecular diffusion alone.  This model looks into the trapping skinning behavior and the 
contribution of non-Fickian solvent movement. 
In their model, the solvent flux equation is modified to include a stress term that 
accounts for the stress evolution as the shrinkage of the system occurs: 
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where E is the diffusion coefficient related to stress and π is the microscopic stress of the 
system.  The stress is calculated based on diffusion Deborah number which is the ratio of 
characteristic relaxation time to the characteristic diffusion time.  For the Fickian diffusion 
coefficient, Vrentas-Duda free volume theory is used.  The temperature is calculated with 
contribution from top and bottom side heat transfer, and heat loss due to solvent evaporation.  
Mass transfer is used at the boundary.  Concentration dependent glass transition temperature 
of the polymer-solvent system is calculated at each time step.  Galerkin’s formulation is used 
to solve the model. 
 
Drying of Ternary Multicomponent Polymer-Solvent Systems 
Alsoy and Duda46 extended their model to drying of multicomponent polymer system 
using polystyrene-toloune-tetrahydrofuran as test system.  This model carries the 
characteristics of the model for polymer-solvent discussed previously.  Extension of diffusion 
theories and thermodynamic contribution to ternary system is discussed.  Mass balance for 
individual solvent is written at the boundary, and the temperature is calculated based on the 
same assumption that uniform temperature within the film hold true.  The drying behavior is 
studied using a single zone drying scheme and a multi-zone drying scheme.  With multiple 
solvents and its different diffusivity and mass transfer rates within the system, the use of 
multi-zone dryer maybe more effective in removing residual solvents.  Since the ratio of 
solvents within the film changes as it goes through the dryer, so does the overall diffusion 
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behavior of the solvents.  Multi-zone dryers can be used to target individual solvents to 
minimize the overall solvent residual within the film. 
The model surveyed here investigated various drying behaviors of polymer systems 
under different and often restricted circumstances.  There is no model currently that merges 
the features described in these previous models to present a complete picture of drying 
behavior.  We are motivated to further the understand drying behavior by developing a 
comprehensive universal model to incorporate these features and understand how they 
interact with each other and affect the drying processes. 
 
Summary 
The drying process is a complex problem involving the coupling of heat and mass 
transfer as well as other dynamics such as defect formation, crystallization of polymer and 
skin development.  Each aspect of drying has been studied individually in detail to 
understand its contribution in drying, and the interactions of these individual components 
were examined in a controlled environment both in mathematical modeling and experimental 
means.  The knowledge of these interactions can be used to improve the design of drying 
scheme and improve the quality of the products made.  We hope to be able to fill some of the 
existing holes in the development of drying models and move one step closer toward 
comprehensive understanding of the behavior of semicrystalline polymers during drying 
processes. 
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Table 1. Reentry statistics of polymer crystals.2 
 Probability of reentering 
same crystal 
Average displacement on 
reentry 
Solution-crystallized 1.0 10 – 15 Å 
Melt-crystallized 0.7 25 - 30 Å 
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Table 2. Selected IR spectrum analysis of poly(vinyl alcohol).83,84 
Wavenumber, cm-1 Relative Intensity Assignment 
410 Weak C─O wagging 
480 Weak C─O symmetric bending 
610 Weak O─H wagging 
825 Very weak H─C─H rocking 
850 Medium H─C─H rocking (amorphous) 
890 Very weak C─O symmetric bending, C─O 
wagging 
1096 Strong C─O symmetric stretching 
1141 Strong C─C symmetric stretching, C─O 
symmetric stretching 
1235 Weak C─H wagging 
1430 Strong H─C─H symmetric bending 
1446 Strong H─C─H wagging 
2910 Strong H─C─H symmetric stretching 
2942 Strong H─C─H asymmetric stretching 
3340 Very strong O─H symmetric stretching 
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Figure 1.  Illustration of a typical drying process. 
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Solvent jumping unit 
Hole 
Figure 2.  Microscopic diffusion mechanisms.  The solvent jumping unit with a hole next to it 
acquires enough energy to jump to the next location, filling that hole and create 
another hole at its original site.  This opens the door for other jumping unit, 
including itself, for the next jump.  A successful diffusive move is complete when 
other jumping units besides itself fill the newly created hole. 
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Crystalline phase 
Amorphous 
Figure 3.  Structure of a semicrystalline polymer.  The crystalline phase is connected through 
amorphous phase. 
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Figure 4.  Volume versus temperature profile of a semicrystalline polymer, showing a 
discontinuity in volume of the polymer during melting process. 
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Figure 5.  Folded chain model proposed by Keller. 
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Figure 6.  The schematic of a FT-IR. 
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Figure 7.  IR spectra of poly(vinyl alcohol) in the mid IR region, 400cm-1 to 4000cm-1.  The 
chemical structure and the crystallinity sensitive peak (1141cm
1141cm-1
CH2 CH
OH
CH3 CH3
n
-1) were shown. 
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CHAPTER 2 
Drying of Semicrystalline Polymers: Mathematical Modeling and Experimental 
Characterization of Poly(vinyl alcohol) Films 
 
A paper published in Polymer1
 
Sim-Siong Wong2, Sacide Alsoy Altınkaya3, Surya K. Mallapragada2 
 
Abstract 
 A mathematical model was developed to predict the drying mechanism of 
semicrystalline polymers involving multiple solvents.  Since drying of semicrystalline 
polymers can be accompanied by changes in polymer degree of crystallinity, the model 
integrates crystallization kinetics and Vrentas-Duda diffusion model to provide a better 
understanding of the mechanism.  The model considers the effect of external conditions such 
as temperature, film shrinkage and diffusion and evaporation of multiple solvents during 
drying.  Poly(vinyl alcohol) (PVA)/water/methanol was chosen as a test system.  The drying 
kinetics of PVA films swollen in water and methanol were investigated using gravimetric 
techniques.  The model predicts that higher temperatures, lower film thicknesses and lower 
                                                 
1 Reprinted from Polymer, 45, Sim-Siong Wong, Sacide Alsoy Altinkaya, Surya K. Mallapragada, Drying of 
Semicrystalline Polymers: Mathermatical Modelling and Experimental Characterization of Poly(vinyl alcohol) 
Films, 5151-5161, ©2004, with permission from Elsevier. 
2 Department of Chemical and Biological Engineering, Iowa State University, 2114, Sweeney Hall, Ames, Iowa 
50011-2230 
3Department of Chemical Engineering, Izmir Institute of Technology, Gulbahce Koyu, 35437 Urla-Izmir, 
Turkey 
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methanol to water ratios increase the drying rate.  The model predictions were compared with 
experimental data and showed good agreement.  
Keywords: Drying; Semicrystalline polymers; Poly(vinyl alcohol) 
 
Introduction  
 Drying of polymeric films is a crucial process for manufacturing various commercial 
products, including adhesive tapes, photographic films, functional coatings and magnetic 
media [1, 2].  During drying, properties of the polymer, including its microstructure, change 
considerably.  Besides, the amount of residual solvent left in the final product is an important 
factor in the polymer drying process, since these solvents can be harmful [3-5].  Thus, the 
fundamentals of solvent evaporation from polymers are crucial.  The behavior of amorphous 
polymers during drying has been well studied [1, 2, 6-22].  However, the behavior of 
semicrystalline polymers under different drying conditions, and changes in polymer 
microstructure during removal of multiple solvents has received little attention. 
 This work focuses on the development of a mathematical model for semicrystalline 
polymer drying involving removal of multiple solvents.  With semicrystalline polymers, the 
crystallinity of the polymer can change as drying occurs, which in turn, affects the drying 
rate as crystals in the polymer hinder the diffusion of solvents [23-25].  A complex diffusion 
scheme that includes interaction between the polymer and each solvent and between the 
solvents themselves is needed.  Furthermore, the polymer crystallization kinetics during 
removal of the two solvents needs to be accounted for.  These behaviors add layers of 
complexity in understanding how drying occurs.  Along with the model development, 
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experimental procedures have been designed to investigate the drying behavior and compare 
with the simulation results. 
 
Mathematical Modeling 
 Several mathematical models for describing the drying behavior of amorphous 
polymers have been proposed by various researchers [1, 2, 19-22], but there have been few 
studies of multicomponent semicrystalline polymer drying [24, 25].  A schematic setup of the 
drying process is shown in Fig. 1.  Initially the polymer film has a thickness of L0, and is 
placed on an impermeable substrate of constant thickness H.  The polymer and substrate are 
exposed to hot air on both sides.  As the drying occurs, the solvent evaporates out of the 
polymer causing the film thickness as well as solvent concentration inside the film change 
accordingly.  At the same time, polymer undergoes solvent-induced crystallization. 
 One dimensional transport is assumed for its simplicity, since the thickness of the 
polymer film is much smaller than the other dimensions of the film.  Assuming that there is 
no volume change of mixing, volume fractions are used in the formulation of mass transfer 
equations.  The polymer system is composed of four components represented by N; solvent 1, 
solvent 2, amorphous polymer and crystalline polymer, and are numbered accordingly.  The 
volume fractions of solvent 1 and solvent 2 are labeled as w1 and w2 respectively, volume 
fraction of amorphous polymer is labeled as u and volume fraction of crystalline polymer is 
labeled as v.   
 The equations that govern the solvent removal are as follows: 
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where wi is the volume fraction of component i,  and  represent the partial specific 
volume of the component i and j, and D
iVˆ jVˆ
ij represent the multicomponent diffusion coefficients 
[1].  In deriving this equation, the polymer is assumed to be non-reactive and the mass 
transfer is assumed to take place only because of diffusion of N-2 solvents as shown in 
equation 1.  
 For two solvent systems, a series of four diffusion coefficients are written to describe 
the diffusion and thermodynamic interactions of each component, as developed by Alsoy and 
Duda [1].  In equations 2 through 5, Di and µi represent self diffusion coefficient and 
chemical potentials of component i, respectively. 
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 Self diffusion coefficients in these equations are obtained from Vrentas-Duda free 
volume theory [26-29] as shown in equations 6 and 7. 
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 Here, Doi is the pre-exponential factor, τ is the tortuosity, Ei is the activation energy 
for jumping unit to be free, ωi is the mass fraction of component i,  is the specific critical 
hole free volume of component i required for a jump to occur and 
*
iˆV
ijξ  is the ratio between the 
critical molar volume of the solvent jumping unit and the critical molar volume of the 
polymer jumping unit.  The average hole free volume per gram of mixture, γ
FHVˆ  is shown in 
equation 8.   
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 In equation 8, K1i and K2i are free volume parameters and Tgi is the glass transition 
temperature of component i.  While the relationships given by equations 6 through 8 contain 
several parameters, each one of them has a physical meaning and most of them can be 
estimated a priori without the use of any diffusivity data.  Zielinki and Duda [30] developed 
procedures for calculating these parameters.  Usually, Doi, Ei and ijξ  are determined from a 
nonlinear regression fit of the self diffusion data to equations 6 and 7.  We have modified the 
self diffusion equation developed by Vrentas and Duda with the addition of a tortuosity term.  
The tortuosity term arises from the fact that crystals in the polymer hinder the diffusion of the 
solvent through the polymer.  In semicrystalline polymers, solvent must follow tortuous paths 
through the amorphous portion of the polymer to get around the crystals in the polymer.  
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Harland and Peppas [31] have shown that the value of τ is equal to 3.0 for diffusion of small 
molecules through semicrystalline polymer, unless the volume fraction of crystals is very 
small.  In our work, we assume that τ is equal to 3.0 when v is greater than 0.05, otherwise, 
the effect of tortuosity can be neglected, and τ  is equal to 1.0. 
 Chemical potentials are used in determining the thermodynamic factors in diffusion 
and partial pressure of solvents at the interface, and can be calculated using ternary Flory-
Huggins theory [32] and shown in equations 9 and 10, where χij is the interaction parameter 
between two components. 
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 At the polymer-substrate boundary, there is assumed to be no mass transfer.  Hence 
0=∂
∂
x
wi    (11) 
and at the polymer-gas boundary, mass balances are written based on the jump mass balance 
incorporating the mass transfer rate, the shrinking film effect and the diffusion rate of solvent 
[1]. 
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 Here 
dt
dL  is the change of film thickness,  the mass transfer coefficient of solvent 
i,  is the partial pressure of solvent i at the polymer-gas interface, and  is the bulk 
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partial pressure of solvent i.  As mentioned before, the change in film thickness is governed 
by the rate of solvent removal:  
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 As the drying continues, the polymer starts to align itself to form crystals, leading to 
an increase in the degree of crystallinity.  Ngui and Mallapragada [24, 25] used a first-order 
kinetic expression to predict the crystallinity growth for single solvent system, and this 
expression is extended for multiple solvents system as shown in equation 14. 
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 Here, we assume that the crystallization process follows first order kinetics.  The 
assumption of volume fraction proportionality is at its simplest form.  The folding rate, ki, 
proposed by Lauritzen and Hoffman [33], can be calculated for the polymer in the presence 
of each solvent. 
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where σe and σs is the end and side surface free energies for the crystal, ΔG is the free 
volume change for polymer folding, and l, b, and w are the length, thickness and width of the 
crystals respectively.  Schultz [34] reported values of σe and σs, and ΔG can be calculated 
using the heat of fusion and polymer crystal melting temperature. 
 For the heat transfer section of the model, we assume the polymer-substrate system is 
thin enough, and the convective heat transfer resistance in gas phase is much greater than the 
conductive heat transfer resistance inside the system, resulting in no temperature gradients.  
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Thus an overall temperature was used.  The heat transfer between the gas-polymer, gas-
substrate, and energy loss due to evaporation of solvents are included in calculating the 
overall temperature of the polymer-substrate. 
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 Here , GGh T , , gh gT  are the heat transfer coefficients and temperature for top side 
and bottom side respectively,  is the latent heat of vaporization and  is the heat 
capacity. 
iHˆΔ pCˆ
 Since the film thickness changes with time, the moving boundary problem was 
converted to a fixed boundary problem using a Landau transform where a normalized 
position, x*, is defined [35].  Then, a variable-sized grid with finer mesh near gas-polymer 
interface was applied.  This is to ensure accurate calculation near the interface where the 
concentration gradient is steep.  The set of equations were solved using finite element 
methods with MATLAB® (MathWorks, Natick, MA) and FEMLAB® (Comsol, Burlington, 
MA) on Intel® Pentium® 4 based computer.  The free volume parameters used for the 
simulations are shown in Table 1.  Tables 2 and 3 list the physical properties, initial and 
boundary conditions used for a PVA/water/methanol system. 
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Experimental 
 
Materials 
 Poly(vinyl alcohol) (PVA) was chosen because of its semicrystalline properties and 
as it is widely used in industries such as coating and film making.  PVA (Elvanol® grades, E. 
I. du Pont de Nemours, Wilmington, DE) with nM  = 35,240, 48,000, 64,000 and PVA 
(Polysciences, Warrington, PA) with nM = 133,000 were used.  All PVA samples used were 
fully hydrolyzed (degree of hydrolysis > 99.0%) and the polydispersity indices were 2.15.  
 
Sample Preparation 
 PVA film was obtained by dissolving PVA powder in water (5% w/v) at 90 oC for 6 
hours and casting 25 ml of the PVA aqueous solution into 100 × 15 mm siliconized Petri 
dishes.  Films were dried at 23 oC for at least 5 days until constant film weight was achieved.  
The average thickness of the film produced was 0.20 mm.  Once the film was ready, it was 
removed from the Petri dish and cut into 3 cm × 3 cm pieces.  The crystallinity of the film 
created via this method is approximately 40%. 
 
Drying Kinetics 
 The initial weight of the film was measured, and the film was swollen in methanol 
and water separately.  Because of the different absorption rates of the solvents, the time 
required to achieve desired initial concentration might vary.  One drawback of swelling the 
film in solvents separately instead of swelling it in a pre-mixed water-methanol mixture is 
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that there is a possibility that some solvent might diffuse out of the polymer, thus affecting 
the initial concentration of the polymer system.  To avoid this potential problem, the films 
were swollen in methanol first because of its lower absorption rate, thus minimizing the 
amount of time for methanol to diffuse out of the system when the film is placed in water.  
Furthermore, the residual water after the film was removed was tested for methanol content 
using gas chromatography (SRI 8610, SRI Instruments, Torrance, CA) to ensure that there is 
no methanol diffusion out of the polymer.  Once the desired initial concentration was 
achieved, the film was removed from the solvent and cut into four 1.5 cm × 1.5 cm pieces 
and dried at 25 oC in an oven.  The weight of the polymer film was measured periodically 
until it remained constant. 
 
Crystallization Kinetics  
 The degree of crystallinity of the initial film was determined using differential 
scanning calorimetry (DSC) (DSC7, Perkin-Elmer, Boston, MA) where a small piece of PVA 
film was heated from 25 oC to 250 oC at 10 oC/min.  The heat required to melt the crystals in 
the sample is compared to that of pure crystals (138.6 J/g) to obtain the initial degree of 
crystallinity [36].   
 
Results and Discussion 
 In order for the model to predict the drying behavior of polymer films, free volume 
parameters for the entire system must be obtained.  These parameters are essential in 
predicting the diffusion of solvents accurately.  Table 1 shows the free volume parameters for 
PVA-water-methanol system.  Table 2 shows the physical properties of the system.  Based on 
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equations 11-16, the initial and operating conditions for the system needed to be determined 
before the simulations were performed.  Figures 2-6 show the simulation results 
corresponding to initial and operating conditions listed in Table 3.  The external conditions 
are used as fitting parameters in the model.  In Fig. 2, the average volume fraction of 
individual solvents is shown.  The average volume fraction of water drops rapidly as drying 
progresses and most water was removed after 50 minutes while the methanol volume fraction 
rises to a maximum at 50 minutes before decreasing slightly.  The rise of volume fraction in 
methanol is due to the different solvent removal rates in which water is removed much faster 
than methanol.  As water is removed from the system, total volume of the system decreases 
and causes volume fraction of methanol to increase, despite the fact that the overall mass of 
methanol is decreasing during that period.  This behavior appears similar to what has been 
observed before in another system [1].  Fig. 3 shows the change of film thickness as drying 
occurs.  The film thickness decreases rapidly and levels off after 50 min.  This figure follows 
the trend of the overall solvent removal kinetics.  Figures 4 and 5 shows the volume fraction 
of water and methanol respectively across the polymer film at 1 min, 10 min and 100 min of 
drying time.  In Fig. 4, the differences in volume fraction across the polymer film are 
minimal, suggesting that the rate of removal of water is governed by evaporation of water 
from the surface.  In Fig. 5, the concentration gradient of methanol increases as drying 
continues since the rate of drying is now controlled by diffusion of methanol in the polymer.  
The difference in the ease of diffusion for the two solvents is due to the size of the solvent 
molecules and the fact that PVA interacts better with water than with methanol.  The volume 
fraction of crystals in the system increases with drying time as shown in Fig. 6 where the rate 
of crystal growth is showing a slow down near 25 min which corresponds to the time when 
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most of the water has been removed from the system, suggest that water removal may course 
a greater change in degree of crystallinity of the polymer.  
 Several initial and operating conditions were varied to study the effect of surrounding 
temperature, initial film thickness, and initial methanol to water ratio in total solvent removal 
from the system.  Three temperature settings (300 K, 310 K, 320 K) were used for studying 
the effect of temperature on the system, with other parameters set as per Table 3.  The results 
are shown in Fig. 7.  With increase in surrounding temperature, the initial solvent removal 
rate increased due to an increase in the activity of each solvent, thus increasing the driving 
force for the evaporation of solvents.  Furthermore, at higher surrounding temperatures, a 
sharper change in solvent removal rate was observed until the total solvent remaining 
dropped to approximately 20%.  At later stages of drying, especially after 100 minutes, the 
total residual amount of solvents does not significantly change since drying within this region 
is controlled by strong diffusional resistance inside the polymer film.  A closer examination 
of the simulation data at each temperature revealed that at the time when most of the water 
was removed, there was still considerable amount of methanol left in the system.  We 
conclude that air temperature can be increased to reduce the drying time by increasing the 
initial rate of evaporation and the overall rate of solvent removal in the polymer film.  
 In studying the effect of film thickness on total solvent removal, three different film 
thicknesses were used, ranging from 0.01 cm to 0.05 cm.  The initial conditions of these three 
films were held constant for the purpose of comparison.  Fig. 8 shows the results of the 
simulations.  With increasing film thickness, we found that the initial rate of solvent removal 
decreased accordingly.  Since the external conditions used in these simulations were the same, 
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the results imply that the diffusion of solvents within the film has a profound effect in 
governing the rate of solvent removal.  
 To show the effect of the ratio of individual solvents on the overall rate of solvent 
removal, different methanol to water ratios were used while holding the polymer volume 
fraction constant.  These methanol to water ratios ranged from 1:2.25 to 1:5.5.  Fig. 9 shows 
that initially, total residual solvents content does not depend on methanol to water ratio since 
in this region the rate of drying is controlled by external conditions which were held constant 
for each ratio investigated.  When external mass transfer resistance is no longer controlling  
the overall process, total residual solvents content decreased significantly with increasing 
water content.  Increase in amount of faster diffusing component, water, helps to increase the 
diffusional rate of slower diffusing component, methanol, by increasing the free volume of 
the polymer.  Thus, diffusional resistance is decreased causing an overall decrease in total 
solvent content of the polymer film.   
 To study the effect of crystal growth on the overall solvent removal rate, three 
different crystallization kinetic constants were used (5×10-6 s-1, 1×10-5 s-1, 5×10-5 s-1).  Fig. 10 
shows that the overall solvent removal rate in the first 30 min is virtually the same since 
external conditions were not changed.  After 30 min of drying, in the case of higher crystal 
growth rate, the amount of solvent remaining in the system is higher than the case of lower 
crystal growth rate.  The increase in crystallization rate constant causes an increase in the 
crystalline content of the polymer film which hinders the diffusion and thus the removal of 
each solvent in the film.  This result suggests that crystals within the polymer do play an 
important role on solvent removal kinetics, even though the magnitude of this effect is small 
in this case. 
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 Based on our experimental data, we found that PVA films swell to a greater extent in 
water than in methanol.  Therefore, the methanol content in our system was approximately 
10% compared to 50% of water.  Table 4 lists the conditions used in our experimental setup 
as well as corresponding simulation.  Weight data obtained from experiments was translated 
to total weight percent of solvent remaining to allow direct comparison between experimental 
data and simulation results.  For simulations, the external mass transfer conditions are used as 
fitting parameters.  Fig. 11 shows that the both data are in good agreement.  The predictions 
of the simulation results at the latter stage, where solvent removal is controlled by diffusion, 
are better compared to predictions at the earlier stage, where solvent removal is controlled by 
external conditions.  This indicates that the diffusion model and the free volume parameters 
as well as the crystallization kinetics used are accurate and adequate to represent the drying 
behavior of PVA films. 
 This model represents the first step towards understanding the whole drying 
mechanism of multicomponent semicrystalline polymer.  Nevertheless, further improvement 
of the model is needed to increase its accuracy as well as its ability to handle different drying 
conditions.  Under certain drying conditions, a glassy skin can form at the polymer-air 
surface and change the diffusion at this region.  This literal skinning phenomenon [37] 
effectively creates two different zones with two different diffusion coefficient and 
crystallization kinetics with an internal glassy-rubbery interface.  This behavior can be 
addressed by dividing the current one zone diffusion into a two zone diffusion system with 
moving internal boundary.  Another possible improvement to this model is the development 
of a detailed crystallization kinetic expression.  Currently, the model assume a simple first 
order kinetic expression for crystallization.  However, this might not be the case for some 
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polymer and an expression that covers different kinetics mechanisms should be developed in 
the future. 
 
Conclusions 
 We have developed a mathematical model to predict the multicomponent drying 
behavior of semicrystalline polymer films using multicomponent diffusion theory and 
solvent-induced crystallization kinetics as the backbone of the model.  The model considers 
the effects of external conditions such as temperature, diffusion of each solvent in the 
polymer film, film shrinkage as well as the evaporation of each solvent from the surface.  
The model provides insights into how each solvent governs the overall solvent removal rate 
when diffusional resistances inside the polymer film are important.  From our work, we find 
that higher temperatures, lower film thicknesses and higher water contents increase the rate 
of solvent removal.  When comparing to the experimental drying kinetics of PVA films, the 
model predictions are in good agreement with the experimental results.  The model is not 
polymer specific, and can be applied to different polymer systems if the required parameters 
are available.  Finally, we hope that this model can be used for optimizing the operation of 
existing ovens or designing new ovens required to remove the solvents from semicrystalline 
polymers.    
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Table 1. Free volume parameters used in mathematical modeling for PVA/water (solvent 1) 
              /methanol (solvent 2). [38] 
Parameter PVA/water PVA/methanol 
Doi cm2 s-1 0.941 0.00155 
Ei J mol-1 7978 -3585 
K11/γ cm3 g-1 K-1 0.00165 - 
K12/γ cm3 g-1 K-1 - 0.000564 
K13/γ cm3 g-1 K-1 0.000229 0.000229 
K21 K -141.73 - 
K22 K - 23.87 
K23 K -214.87 -214.87 
Tg1 K 0 - 
Tg2 K - 0 
Tg3 K 0 0 
V1* cm3 g-1 1.071 - 
V2* cm3 g-1 - 0.959 
V3* cm3 g-1 0.720 0.720 
ξij  0.45 0.99 
χi3  0.67 1.26 
χ12  0.442 0.442 
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Table 2. Properties of the polymer system. 
Film properties   
     Heat capacity,  ppCˆ 1.674 J g
-1 K-1
     Density of film,  pρ 1.294 g cm-3
     Heat of vaporization of water,  1HˆΔ 2404 J g-1
     Heat of vaporization of methanol,  2HˆΔ 1155 J g-1
     Crystallization kinetic coefficient, ki 1×10-5 s-1
       
Substrate properties   
     Heat capacity,  spCˆ 0.84 J g
-1 K-1
     Density of substrate,  sρ 2.6 g cm-3
     Substrate thickness, H 0.012 cm 
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Table 3. Initial and operating conditions for PVA/water/methanol system. [39, 40] 
Initial conditions   
     Temperature, T0 298 K 
     Film thickness, L0 0.025 cm 
     Initial volume fraction of solvent 1, w10 0.50  
     Initial volume fraction of solvent 2, w20 0.15  
     Initial volume fraction of crystalline polymer, v0 0.02  
     Initial volume fraction of amorphous polymer, u0 0.33  
        
Operating conditions   
     Gas-polymer heat transfer coefficient, hG 0.02944 W cm-2 K-1
     Gas-substrate heat transfer coefficient, hg 0.01230 W cm-2 K-1
     Top-side air temperature, TG 310 K 
     Bottom-side air temperature, Tg 310 K 
     Solvent 1 mass transfer coefficient, kiG 1.8×10-10 s cm-1
     Solvent 2 mass transfer coefficient, kig 2.3×10-13 s cm-1
     Mole fraction of solvent 1 in gas 0  
     Mole fraction of solvent 2 in gas 0  
  
 64 
Table 4. Initial and boundary conditions for PVA/water/methanol system for experimental 
setup and simulation test. [39, 40] 
Initial conditions   
     Temperature, T0 298 K 
     Film thickness, L0 0.025 cm 
     Initial volume fraction of solvent 1, w10 0.6296  
     Initial volume fraction of solvent 2, w20 0.0512  
     Initial volume fraction of crystalline polymer, v0 0.02  
     Initial volume fraction of amorphous polymer, u0 0.2992  
        
Operating conditions   
     Gas-polymer heat transfer coefficient, hG 0.10 W cm-2 K-1
     Gas-substrate heat transfer coefficient, hg 0.092 W cm-2 K-1
     Top-side air temperature, TG 298 K 
     Bottom-side air temperature, Tg 298 K 
     Solvent 1 mass transfer coefficient, kiG 1.7×10-10 s cm-1
     Solvent 2 mass transfer coefficient, kig 2.3×10-13 s cm-1
     Mole fraction of solvent 1 in gas 0  
     Mole fraction of solvent 2 in gas 0  
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Figure 1. The drying mechanism of semicrystalline polymer/solvent/solvent system involving 
solvent removal, film shrinkage and crystallization. 
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Figure 2. Average volume fraction of the solvents during drying.  (━) represents the total 
volume fraction of the solvents in the system, (─) represents the volume fraction of 
water in the system and the (╌) represents the volume fraction of methanol. 
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Figure 3. The change of polymer film thickness (─) during drying. 
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Figure 4. Volume fraction profiles of water at different drying times.  () represent the drying 
behavior of water at 1 min drying while (c) and (¼) represent the water volume 
fraction at 10 min and 100 min drying respectively. 
 
 
 
  
 69 
 
 
Figure 5. Volume fraction profiles of methanol at different drying times.  () represent the 
drying behavior of methanol at 1 min drying while (c) and (¼) represent the 
methanol volume fraction at 10 min and 100 min drying respectively. 
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Figure 6. Volume fraction of crystals (⃝) in polymer during drying.  
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Figure 7. Effect of temperature on residual solvent levels during drying. (⃞), (¼) and (△) 
represents the drying behavior at temperature 300K, 310K and 320K respectively. 
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Figure 8. Effect of film thickness on residual solvent levels during drying.  (⃞), (¼) and  (△) 
represents the drying behavior at film thickness 0.1 mm, 0.25 mm and 0.5 mm 
respectively. 
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Figure 9. Effect of different methanol to water ratio on residual solvent levels during drying. 
(⃞), (¼) and (△) represents the drying behavior at methanol to water ratio 1:2.25, 
1:3.33 and 1:5.5 respectively. 
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Figure 10. Effect of crystallization kinetics on polymer crystal growth. (⃞), (¼) and (△) 
represents the drying behavior at crystallization kinetic coefficient (5×10-6 s-1, 
1×10-5 s-1, 5×10-5 s-1) respectively. 
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Figure 11. Comparison between experimental results and simulation data on total solvent 
remaining during drying.  (⃟) represent the experimental data collected and (─) 
represents the simulation results correspond to the experimental conditions. 
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CHAPTER 3 
Understanding the Effect of Skin Formation on the Removal of Solvents from 
Semicrystalline Polymers 
 
A paper published in Journal of Polymer Science: Part B: Polymer Physics1
 
Sim-Siong Wong2, Sacide Alsoy Altınkaya3, Surya K. Mallapragada2 
 
Abstract 
The effect of glassy skin formation on the drying of semicrystalline polymers was 
investigated using a comprehensive mathematical model developed for multicomponent 
systems.  Polymers with high Tg can become rubbery at room temperature under the 
influence of solvents.  As the solvents are removed from the polymer, a glassy skin can form 
and continue to develop.  The model takes into account the effects of diffusion-induced 
polymer crystallization as well as glassy-rubbery transitions on overall solvent content and 
polymer crystallinity.  A Vrentas-Duda free-volume based diffusion scheme and 
crystallization kinetics were used in our model.  The polymer-solvents system chosen was a 
poly(vinyl alcohol) (PVA)/water/methanol system.  Drying kinetics of PVA films were 
obtained by gravimetric methods using swollen films with known water/methanol 
                                                 
1 Reprinted from Journal of Polymer Science: Part B: Polymer Physics, 43, Sim-Siong Wong, Sacide Alsoy 
Altinkaya, Surya K. Mallapragada, Understanding the Effect of Skin Formation on the Removal of Solvents 
from Semicrystalline Polymers, 3191-3204, ©2005, with permission from Wiley Periodicals, Inc. 
2 Department of Chemical and Biological Engineering, Iowa State University, 2114, Sweeney Hall, Ames, Iowa 
50011-2230 
3Department of Chemical Engineering, Izmir Institute of Technology, Gulbahce Koyu, 35437 Urla-Izmir, 
Turkey 
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concentrations.  The overall drying behavior of the polymer system determined by our model 
and experimental methods were compared and found to match well. 
Keywords: Drying; Semicrystalline polymers; Poly(vinyl alcohol); glassy-rubbery transition 
 
Introduction 
As the last process in polymer film production, polymer film drying plays an 
important role in controlling the structure and properties for various commercial products 
such as adhesive tapes, functional coatings and photographic films.1,2  The microstructure of 
the polymer changes constantly during drying as solvent is removed and polymer chains 
realign themselves.3  In the design of drying processes, several issues need to be addressed, 
including the viscoelasticity of the polymer, the final solvent residual content in the film, as 
well as the structural integrity of the film.  Since certain solvents are harmful to consumers, 
the polymer films produced must meet specific guidelines for residual solvent content.4-6  To 
maintain the structural integrity of the films during the course of the polymer shelf life, the 
films must be defect free.7  Usually, various kinds of defects in polymer films are attributed 
to poorly chosen drying conditions.  Thus, a clear understanding of the drying process is 
necessary for process design and optimization. 
Although the behavior of amorphous polymers under various drying conditions has 
been studied,7-21 the drying characteristics of semicrystalline polymers are still lacking and 
different from those of amorphous polymers.  The removal of solvents from semicrystalline 
polymers opens a path for crystallization to occur due to voids during the drying process.  
The creation and growth of crystallites within the film will change the diffusion rates of 
solvents since solvent molecules need to diffuse around the crystals.22-24  In addition to the 
 78
effects of crystallization, the glass transition temperature of the polymer solvent mixture also 
has an important role in the drying of polymer films.17,25-29  As solvents are removed, the 
glass transition temperature of the mixture increases and the glassy-rubbery transition may 
occur.  Consequently, a glassy skin may develop which changes the rate of diffusion of 
solvents significantly.  Previously, we have developed a mathematical model to describe the 
drying behavior of rubbery semicrystalline polymers.3  The focus of this work is to extend 
our basic model to investigate the effect of glassy-rubbery transition and glassy skin 
formation on the rate of removal of solvents from semicrystalline polymer solvent mixtures. 
 
Theory 
Several models have been proposed by various researchers investigating the behavior 
of amorphous polymers, glassy polymers, as well as semicrystalline polymers; each with 
distinct features and limitations.  Our goal was to develop a comprehensive broad-based 
model to better understand the interconnectivity of phenomena such as crystallization and 
glass transition that affect drying.  Figure 1 shows a schematic of the drying process 
represented in our model.  The polymer-solvent-solvent system was placed on an 
impermeable substrate.  The initial thickness of the film was L0 and the thickness of the 
substrate was constant, H.  This polymer-substrate system was then subjected to hot air on 
the top and bottom sides with temperatures TG and Tg respectively.  As drying continued, the 
overall film thickness L(t) began to decrease as the solvents evaporated out of the system.  At 
the same time, a glassy skin was assumed to form at the exposed polymer–air surface, thus 
effectively creating a two region system; a glassy region near the polymer–air interface, and 
a rubbery region underneath it.  Inside the glassy region, drying-induced crystallization was 
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assumed to cease because of the decrease in polymer mobility and the significant increase in 
diffusional resistances of the solvents.  In the rubbery region, crystal formation was governed 
by polymer chain mobility that can be described by the free volume theory.  This kinetic 
model was developed by Ramesh30 and takes into account the plasticizing ability of the 
solvents through free volume parameters.  They have proposed that crystal formation is 
proportional to a rate constant which is a function of the amount of the solvent and the 
difference between the crystallinity at any time and that at t→∞.  We have extended their 
binary kinetic model to a ternary system.  In our drying model, the mass transfer was 
assumed to be governed by the diffusion of solvents and the crystallization-induced 
convection when the amorphous phase was transformed into a crystalline phase.  
 In our model, one dimensional transport was assumed since the thickness of the 
polymer film was much smaller than the other dimensions of the film.  In the formulation of 
mass transfer and kinetic equations, volume fractions of polymer and solvents were used.  
The complexity arising from density differences between the polymer and solvents was 
eliminated by assuming no volume change on mixing.  The polymer system was composed 
of four components represented by N: solvent 1, solvent 2, amorphous polymer and 
crystalline polymer, and the subscripts 1 through 4 represent these components respectively.  
In our equations, w1 and w2 represent the volume fraction of solvents 1 and 2, while the 
volume fraction of the amorphous and crystalline polymer regions are denoted by u and v.  
The development of glassy skin in the polymer system effectively creates two different 
diffusion regions: a shrinking rubbery region with a high solvent-diffusion rate, and a 
growing glassy region with limited solvent-diffusion rate.  Thus, the calculation of solvent 
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concentrations in each region was done separately.  This created a moving boundary problem 
with two different moving fronts: the polymer-air interface and the glassy-rubbery interface. 
 In the rubbery region, the species continuity equations for the solvents were written as 
follows: 
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Here, wi represents the volume fraction of component i, v≠ is the volume average velocity 
generated by the convection due to crystallization,  represent the partial specific volume of 
the component i, and D
iVˆ
ij
R are the main and cross diffusion coefficients in the rubbery region.  
The volume average velocity can be calculated based on eq 2 as follows 
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where rc is rate of crystallization,  is the specific volume of crystalline polymer and is 
the specific volume of the amorphous polymer.  r
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c can be expressed as a function of the 
current, v, and final crystalline polymer volume fraction, v∞,as follows: 
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where the rate constant, k, defined in eq 4 is a function of the mobility of the amorphous 
phase and is calculated from Vrentas-Duda free volume theory.31,32 
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In eq 4, ωi is the weight fraction of component i and ,  and *iˆV Rijξ γ
FHVˆ  are the free volume 
parameters.  The discussion of Vrentas-Duda free volume theory can be found in a later 
section.  The volume fraction of the crystalline polymer was determined by eq 5: 
4Vˆrt
v
c=∂
∂  (5) 
 In our equations, the flux of amorphous polymer is excluded.  However, this does not 
mean that its contribution is neglected.  The starting point of these equations includes the 
gradients of chemical potential of each species based on Bearman statistical mechanical 
theory33, as a result of which the flux of one of the components, usually the polymer, is 
eliminated.  With the use of volume fractions, the volume fraction of amorphous polymer is 
implicitly dependent on the volume fractions of the other components and is calculated using 
the following equation: 
vwwu −−−= 211  (6) 
 For glassy region of the polymer, similar continuity equations were written: 
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Since we assumed that the polymer does not crystallize in the glassy region due to chain 
immobility, the convective term arising from crystallization was eliminated.  The diffusion 
scheme used here was the same as described in the rubbery region. 
No mass transfer was assumed to take place at the polymer-substrate boundary, 
hence: 
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At the glassy-rubbery interface, the mass fluxes of the solvents were continuous. 
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Similarly, appropriate boundary condition at the polymer-gas interface was derived from the 
fact that mass fluxes were continuous in the polymer and the gas phases. 
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where kim is the mass transfer coefficient of species i, Pii is the interfacial partial pressure of 
species i, and Pib is the bulk partial pressure of species i.  To calculate the rate of film 
shrinkage, a volume balance was used by measuring the amount of solvent loss due to 
evaporation at the interface: 
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 A simple n-order kinetics9,34 was assumed to describe the movement of glassy-
rubbery interface: 
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where a and b are the kinetics constants.  A single uniform temperature for the polymer film 
and the substrate layer were assumed since the convective resistance to heat transfer in the 
gas phase is much greater than the conductive resistance in the polymer and substrate layers.  
Thus, the overall temperature of polymer substrate is calculated by eq 13. 
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The terms , Gh GT , , gh gT  refer to the heat transfer coefficients and temperature for top and 
bottom sides respectively,  refers to the latent heat of vaporization,  is the heat of 
crystallization and  is the heat capacity.   
iHˆΔ crysHΔ
pCˆ
A series of four diffusion coefficients were calculated from a model developed by 
Alsoy and Duda1 and were given in eq 14 through 17. 
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In these equations, D11 and D22 represent the main diffusion term, while D12 and D21 is the 
cross diffusion term.  D1 and D2 are the self-diffusion coefficients, and 
j
i
RT ρ
μ
∂
∂1  is the 
thermodynamic contributions to the diffusion process as determined by ternary Flory-
Huggins theory.35,36  Self-diffusion coefficients were obtained from Vrentas-Duda free 
volume theory as shown in eq 18 through 20.31,32 
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A detailed description of several parameters and procedures for calculating these parameters 
can be found elsewhere.1,3,37-39  The free volume parameters used in the glassy and rubbery 
regions are different resulting in different diffusion coefficients in these regions.  Free 
volume parameters in the glassy region were estimated based on the values obtained for 
rubbery region of the same polymer. 
In our system, there are two moving boundaries; the shrinking of the film, as well as 
the development and movement of glass-rubbery interface.  The movements of these 
boundaries makes the problem solving techniques needed to include those effects more 
complicated.  In our case, we employed a front fixing method, where these boundaries are 
fixed in a special coordinate system, where the glassy-rubbery interface is always at the 
location, ξ=1 and the gas-polymer interface is always at the location, ξ=2.  The method we 
chose is based on Landau transform.40  The spatial coordinate transformation is as follows: 
10,
)(
≤≤= ξξ
tR
x  (21) 
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where x and ξ represent the old and new space coordinates, while L(t) and R(t) represent the 
time-dependent positions of the boundaries, which in our case are the overall film thickness 
and the glassy-rubbery interface at any given time.  Figure 2 shows the transformation of the 
coordinate.  Based on these two equations, all the equations mentioned previously were 
transformed from f(x,t) to f(ξ,t) prior to solve by finite element numerical methods.  Using 
this new coordinate system, a variable-sized grid was developed with finer mesh near the 
polymer-substrate interface, glassy-rubbery interface, as well as the gas-polymer interface.  
This is because the gradient near these interfaces is steep and changes from time step to time 
step, and this grid was designed to ensure accurate calculation, while reducing the 
computational resources needed to solve the system.  A finite element method with 
MATLAB® (MathWorks, Natick, MA) and FEMLAB® (Comsol, Burlington, MA) software 
was used. 
 
Experimental 
 
Materials 
Poly(vinyl alcohol) powder with molecular weight of 64,000 (Elvanol® grades, E. I. 
du Pont de Nemours, Wilmington, DE) and 133,000 Polysciences, Warrington, PA) were 
used.  Both PVA samples are fully hydrolyzed (degree of hydrolysis > 99.0%) with 
polydispersity indices of 2.15.  PVA films were made by dissolving the PVA powder in 
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water and casting on siliconized Petri dishes.  Films were dried until constant weight was 
achieved.  
 
Crystallinity of the Films 
Final crystalline content of the films were determined using differential scanning 
calorimetry (DSC) (DSC7, Perkin-Elmer, Boston, MA).  A small sample of PVA was heated 
from 25oC to 250oC at 10oC/min and the melting profile was recorded.  The ΔH measured 
was compared to the ΔH of a pure PVA crystals (138.6 J/g).41   
 
Drying Experiments 
Dried films were swollen in methanol and water separately to achieve the desired 
initial water/methanol concentration.  The weight of the film was monitored throughout the 
swelling process to determine the solvent uptake.  Possible cross-contamination of solvents 
has been addressed previously, and we found no significant drawback of this method.  
Thermogravimetric analysis (TGA) (TGA7, Perkin-Elmer, Boston, MA) was used to monitor 
the total weight of the film during the course of the drying.  The film was dried at 30oC with 
air flow from top-side of 25 ml/min for 1 hour. 
 
Results and Discussion 
Table 1 lists the free volume parameters for the poly(vinyl alcohol)-water-methanol 
system.  These parameters were obtained independently from diffusion-temperature and 
viscosity-temperature data.  From experimental studies, the final crystallinity of the polymer 
films was found was approximately 40%.  The physical properties of the system and the 
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operating conditions used in the simulations are listed in Tables 2 and 3.  The model 
predictions based on these parameters are shown in Figures 3-6.  The volume fractions of 
water in the rubbery and glassy regions are shown in Figure 3.  Although the overall 
thickness of glassy and rubbery regions changed continuously throughout the drying process, 
volume fractions are plotted in fixed spatial coordinates normalized with the interfaces as 
discussed previously.  In Figures 3 and 4, ξ=0 and ξ=1 represent substrate-rubbery and 
glassy-rubbery interfaces respectively. This region is established as the rubbery region.  The 
glassy region spans from ξ=1 to ξ=2 which corresponds to glassy region-air interface.  The 
relatively flat profiles shown in Figure 3 in the rubbery region suggest that diffusive 
resistance was small.  Furthermore, the profiles in this region remained similar throughout 
the drying process.  At the glassy-rubbery interface, ξ=1, a concentration gradient developed 
revealing a barrier formed that restricted the movement of water.  In the glassy region, the 
volume fraction profiles of water look different.  Compared to the rubbery region, the 
diffusion resistance in this region was larger, as expected.  In addition, the shape of the 
profiles changed as drying continued.  We attribute this change in shape to the development 
of the barrier in the glassy-rubbery transition area.  A shift in diffusive resistance is shown in 
Figure 3 (glassy region) where the steepest gradient changed from the polymer-gas interface 
(ξ=2) to the glassy-rubbery interface (ξ=1) with time.  Similar profiles were observed for the 
volume fraction of methanol within each region as shown in Figures 4.  In the rubbery region 
of Figure 4, an increase in the volume fraction of methanol was observed due to the fast 
removal of water.  This phenomenon has been observed elsewhere.1  Also, solvent trapping 
occurred in the rubbery region as the glassy region developed.  Figure 5 shows the change in 
thickness of the film as drying progressed along with the development of glassy region in the 
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system during drying.  The development of glassy skin occurred as the drying started, and 
continued to move across the depth of the film as drying continued.  In Figures 6a-c, the 
average volume fractions of water, methanol, and crystalline region are shown.  In Figure 6a, 
the steady decrease of the average volume fraction of water is observed, as the diffusional 
resistance within the film is low and water removal is mostly determined by the external 
mass transfer rate.  In Figure 6b, the average volume fraction of methanol was found to go 
through a maximum before decreasing as drying continued.  This is due to the rapid removal 
of water as shown in Figure 6a, causing the overall volume of the system to drop faster than 
the rate of methanol removal, thus increasing the volume fraction of methanol in the system.  
Figure 6c shows the average volume fraction of the crystalline polymer in the rubbery region 
during drying.  In the rubbery region, crystal formation and growth were dictated by eq 6 
listed in the previous section.  As the drying continued, the average volume fraction of the 
crystals increased until reaching a predetermined value, which was the final crystallinity of 
the film.  The crystallinity of a dried PVA film was determined using DSC results and 
literature values.41  As shown in Fig. 6c, the growth of crystalline phase was rapid during the 
early stages of the drying driven by the available free volume created by the removal of 
solvents.  As it approached the final crystallinity, the growth process slowed down and 
plateaued after 15 min of drying.  In the glassy region, no crystallization occurred due to 
chain immobility.  However, as the glassy-rubbery boundary pushed inward deep into the 
film, crystals that already formed in the rubbery region were included into glassy region 
along with the amorphous phase of the polymer.  Thus, the overall volume fraction of the 
crystalline polymer increased as drying continued.  This increase was directly proportional to 
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the amount of crystals at the glassy-rubbery interface and the rate of growth of the glassy-
rubbery boundary. 
The effects of temperature on the drying behavior of PVA was studied at two 
different air temperatures (30oC and 35oC), while other parameters, as listed in Tables 1-3, 
were held constant.  The results are shown in Figure 7.  The increase in operating 
temperature increased the activity of the solvents, thus increasing the initial rate of solvent 
removal.  However, small increases of temperature did not have a large effect on the overall 
solvent residual concentration within our experimental time scale due to the high diffusional 
resistance within the film at that stage.  To study the effect of initial film thickness, three 
thicknesses (0.5 mm, 0.75 mm, 0.1 mm) were used while other operating conditions are held 
constant.  From Figure 8, we show that the increasing film thickness has a profound effect on 
the rate of solvent removal.  Since the external conditions were held constant, we conclude 
that the differences in these drying rates are purely due to diffusional resistances within the 
film.  To further test the diffusional resistance of the film for the individual species, three 
different water/methanol concentrations were used.  The simulation was repeated three time 
using different initial solvent concentration (water:methanol ratio 2:1, 4:1, 8:1) while holding 
the concentration of polymer and other operating conditions constant.  The results are shown 
in Figure 9.  Clearly, the higher the initial water to methanol ratio, the lower the final solvent 
residual level.  This can be attributed to the higher diffusivity of the water within the system 
compared to methanol.  Compared to our previous model that does not take into account 
glassy-rubbery transitions, we found that the difference in initial solvent removal rate was 
considerable larger.  We attribute this the to development of glassy skin in the system, thus 
slowing the diffusion of solvents further and giving rise to these differences in initial solvent 
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removal rate.  In addition, the high concentration of water actually helped the diffusion of 
methanol in our system by creating more free volume.  Further examination of the simulation 
data reveals that the development of the glassy skin may have prevented the slow moving 
methanol from diffusing across the interface, thus trapping the solvent within the film and 
increasing the overall residual solvent amount. 
To evaluate the performance of the model, we compared the operating conditions 
used in the model, as shown in Table 4, to our experimental procedures investigating the 
overall solvent removal rate.  The initial conditions of the films were determined using the 
gravimetric methods described.  Since the model was based on volume fractions while 
gravimetric experiments yield weight data, the weight percent of solvent remaining was used 
as a bridge to link these two techniques, and the data from experiments and model were 
converted accordingly.  The external mass transfer coefficients were used as the fitting 
parameter for the simulation to correctly map the initial rate of solvent removal, which was 
then used to calculate the drying rates at later times.  Figure 10 shows the direct comparison 
of model predictions and experimental data.  Overall, they were in good agreement with each 
other.  The total residual solvents content was accurately predicted by the model, which 
indicates that the diffusion model and the crystallization kinetics framework used were 
accurate. 
This model represents our continued effort toward the understanding of the drying 
behavior in semicrystalline polymers. It explains and predicts several aspects of this complex 
problem, including solvent removal rate, crystallization kinetics and glassy-rubbery 
transitions. However, the effect of glass transition temperature change of the polymer-
solvents mixture due to solvent removal is not included in the current model.  In addition, we 
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have used the same thermodynamic theory for both rubbery and glassy regions.  However, it 
needs to be modified for ternary glassy polymer-solvent mixtures.  We will expand the model 
in the future to include those effects to paint a more complete picture of the drying behavior 
of glassy semicrystalline polymers. 
 
Conclusions 
We have developed a mathematical model to investigate the development of glassy 
skin formation and its effect on overall multicomponent drying behavior and crystallinity of 
semicrystalline polymers.  Our model considered the drying behavior in rubbery and glassy 
regions separately to determine the effect of each region on the overall drying behavior.  This 
was done by using a new spatial coordinate to demarcate the two regions.  Our study showed 
that the solvent diffusion behavior is significantly different in the two regions, and these 
differences affect the overall drying behavior of semicrystalline polymer films.  This shows 
that the inclusion of the glassy region in the calculation is important in accurately predicting 
the behavior of semicrystalline polymer during drying.  Parametric studies showed that the 
operating temperature, the film thickness as well as the initial solvent ratios affect the drying 
behavior.  The effects of interaction between solvents as solvent-polymer interactions can be 
studied using this model to reveal relationships that is crucial to developing an optimum 
drying scheme.  Our experimental results are in good agreement with our model predictions, 
enabling this model to be used as a tool for better design of drying systems.  
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 Table 1. Free volume parameters used in mathematical modeling for PVA/water (solvent 1)  
/methanol (solvent 2).42 
PVA/water PVA/methanol Parameter 
Glassy Rubbery Glassy Rubbery 
Doi cm2 s-1 0.941 0.705 0.00155 0.00116 
Ei J mol-1 7978 7978 -3585 -3585 
K11/γ cm3 g-1 K-1 1.65 × 10-3 1.65 × 10-3 - - 
K12/γ cm3 g-1 K-1 - - 5.64 × 10-4 5.64 × 10-4
K13/γ cm3 g-1 K-1 2.29 × 10-4 2.29 × 10-4 2.29 × 10-4 2.29 × 10-4
K21 K -141.73 -141.73 - - 
K22 K - - 23.87 23.87 
K23 K -214.87 -214.87 -214.87 -214.87 
Tg1 K 0 0 - - 
Tg2 K - - 0 0 
Tg3 K 0 0 0 0 
V1* cm3 g-1 1.071 1.071 - - 
V2* cm3 g-1 - - 0.959 0.959 
V3* cm3 g-1 0.720 0.720 0.720 0.720 
ξij  0.45 0.45 0.99 0.99 
χi3  0.67 0.67 1.26 1.26 
χ12  0.442 0.442 0.442 0.442 
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Table 2. Properties of the polymer system.43,44 
Film properties   
     Heat capacity,  ppCˆ 1.674 J g
-1 K-1
     Density of film,  pρ 1.294 g cm-3
     Heat of vaporization of water,  1HˆΔ 2404 J g-1
     Heat of vaporization of methanol,  2HˆΔ 1155 J g-1
     Crystallization kinetic coefficient, k0 2×10-6 s-1
     Parameter for glassy-rubbery boundary, a 5.8×10-5  
     Parameter for glassy-rubbery boundary, b 2  
       
Substrate properties   
     Heat capacity,  spCˆ 0.84 J g
-1 K-1
     Density of substrate,  sρ 2.6 g cm-3
     Substrate thickness, H 0.012 cm 
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Table 3. Initial and boundary conditions for PVA/water/methanol system for simulation 
test.43,44 
Initial conditions   
     Temperature, T0 298 K 
     Film thickness, L0 0.5 mm 
     Initial volume fraction of solvent 1, w10 0.6  
     Initial volume fraction of solvent 2, w20 0.15  
     Initial volume fraction of crystalline polymer, v0 0.01  
     Initial volume fraction of amorphous polymer, u0 0.24  
        
Operating conditions   
     Gas-polymer heat transfer coefficient, hG 0.029 W cm-2 K-1
     Gas-substrate heat transfer coefficient, hg 0.012 W cm-2 K-1
     Top-side air temperature, TG 303 K 
     Bottom-side air temperature, Tg 303 K 
     Solvent 1 mass transfer coefficient, kiG 2.07×10-10 s cm-1
     Solvent 2 mass transfer coefficient, kig 1.67×10-14 s cm-1
     Mole fraction of solvent 1 in gas 0  
     Mole fraction of solvent 2 in gas 0  
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Table 4. Initial and boundary conditions for PVA/water/methanol system for comparison 
with experimental data.43,44 
Initial conditions   
     Temperature, T0 298 K 
     Film thickness, L0 0.025 cm 
     Initial volume fraction of solvent 1, w10 0.596  
     Initial volume fraction of solvent 2, w20 0.098  
     Initial volume fraction of crystalline polymer, v0 0.02  
     Initial volume fraction of amorphous polymer, u0 0.286  
        
Operating conditions   
     Gas-polymer heat transfer coefficient, hG 0.10 W cm-2 K-1
     Gas-substrate heat transfer coefficient, hg 0.092 W cm-2 K-1
     Top-side air temperature, TG 298 K 
     Bottom-side air temperature, Tg 298 K 
     Solvent 1 mass transfer coefficient, kiG 1.7×10-10 s cm-1
     Solvent 2 mass transfer coefficient, kig 2.3×10-13 s cm-1
     Mole fraction of solvent 1 in gas 0  
     Mole fraction of solvent 2 in gas 0  
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Figure 1. The schematic of semicrystalline polymer drying with the formation of glassy skin. 
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Figure 2. The schematic of the transformation to a new fixed spatial coordinate for solving 
the system using numerical method. 
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Figure 3. Volume fraction of water in rubbery and glassy regions during drying, (—) 
represents the volume fraction profile at 5 min into drying.(···), (· – ·), and (··─···) 
represent the volume fraction profile at 15 min, 25 min and 45 min into drying 
respectively.  The rubbery region spans from ξ=0 to ξ=1, and the glassy region 
spans from ξ=1 to ξ=2. The glassy-rubbery interface located at ξ=1. 
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Figure 4. Volume fraction of methanol in rubbery and glassy regions, (—) represents the 
volume fraction profile at 5 min into drying.(···), (· – ·), and (··─···) represent the 
volume fraction profile at 15 min, 25 min and 45 min into drying respectively.  The 
rubbery region spans from ξ=0 to ξ=1, and the glassy region spans from ξ=1 to 
ξ=2. The glassy-rubbery interface is located at ξ=1. 
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Figure 5. Thickness of the overall film (—), as well as the thickness of glassy region in the 
system (···) change as drying continues. 
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Figure 6. The average volume fraction of (a) water, (b) methanol, and (c) crystalline polymer 
during drying. 
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Figure 7. Total residual solvent volume fraction at different temperatures, (—) represents the 
remaining solvent volume fraction when drying is performed at 30oC, and (···) 
represents the volume fraction when the system is dried at 35oC. 
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Figure 8. Total residual solvent volume fraction with varying initial film thickness. (—) 
represents the remaining solvent volume fraction for initial film thickness of 0.5 
mm, (···) represents the volume fraction for initial film thickness of 0.75 mm, while 
(· – ·) represents an initial film thickness of 1 mm. 
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Figure 9. Effect of different water to methanol ratios on the total residual solvent volume 
fraction. (—),(···), and (· – ·) represent the system behavior when the initial solvent 
ratio (water:methanol) is 2:1, 4:1, and 8:1 respectively. 
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Figure 10. Comparison between experimental data and simulation results of the solvent 
remaining during drying. (⃟) represent the experimental data while (─) represents 
the simulation results.  The standard deviation of the experimental data is 
calculated using four repetition of the experiment. 
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CHAPTER 4 
A Study of Crystallization of Poly(vinyl alcohol) During Solvent Removal: Infrared 
Characterization and Mathematical Modeling 
 
A paper submitted to Journal of Polymer Science: Part B: Polymer Physics 
 
Sim-Siong Wong1, Sacide Alsoy Altınkaya2, Surya K. Mallapragada1 
 
Abstract 
 Crystallization of semicrystalline polymer films during drying has a significant effect 
on the rate of solvent removal.  Understanding and controlling the crystallization kinetics is 
important in controlling residual solvent levels and drying kinetics.  The degree of 
crystallinity of the poly(vinyl alcohol) films during multicomponent drying was investigated 
using Fourier transform infrared spectroscopy (FT-IR).  The 1141cm-1 band is sensitive to the 
degree of crystallinity of the polymer and the growth of intensity of this band was monitored 
as drying progressed.  The results from the FT-IR studies were comparable to the results 
obtained from differential scanning calorimetry.  Studies were conducted to test the effect of 
initial solvent composition (water-methanol mixture), drying temperature and polymer 
molecular weight on the rate of crystallization and the final crystallinity of the films.  The 
increase in initial methanol composition increased the crystallization rate but did not affect 
the final degree of crystallinity.  The increase in drying temperature and the decrease in 
                                                 
1 Department of Chemical and Biological Engineering, Iowa State University, 2114, Sweeney Hall, Ames, Iowa 
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2 Department of Chemical Engineering, Izmir Institute of Technology, Gulbahce Koyu, 35437 Urla-Izmir, 
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polymer molecular weight increased the rate of crystallization as well as the final degree of 
crystallinity.  Based on the experimental data, rate constants for crystallization kinetics were 
extracted from our previously developed model based on free volume theory.  The 
experimental data and the simulation results showed good agreement.  The ability of the free 
volume theory to illustrate the crystallization behavior validated the model and improved its 
capability. 
Keywords: Computer Modeling, Crystallization, Infrared Spectroscopy, Drying 
 
Introduction 
 The knowledge of crystal formation and growth in semicrystalline polymers is 
essential in determining the optimal drying and processing techniques.  In polymer-solvent 
systems, the crystallinity and morphology of the polymer changes significantly during the 
drying process.  These changes are accompanied by the changes in solvent diffusion rates 
and possible glassy-rubbery transitions throughout the drying process.  This presents a 
dynamic and complex problem in understanding the behavior of polymer-solvent systems 
during drying.  The knowledge of polymer degree of crystallinity is essential in determining 
the drying kinetics as well as residual solvent levels.  A multicomponent solvent system 
provides more flexibility in tailoring the polymer crystallization as well as drying kinetics.  
 Fourier transform infrared spectroscopy (FT-IR) is a well-established method to study 
the conformational changes in polymer systems.1-9  The ability to examine the molecular 
structure through FT-IR in a non-destructive and rapid way is a great advantage over other 
crystallinity measurement techniques.  Poly(vinyl alcohol) (PVA) and its IR behavior has 
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been studied extensively.8-16  The 1141cm-1 band was determined to be crystallinity-sensitive, 
though the precise mode of vibration is still debated.8-10   
 Numerous mathematical models have been developed by various researchers to study 
the drying behavior of amorphous and semicrystalline polymers.15-26  Our previous studies of 
the drying behavior of multicomponent semicrystalline polymers lead to the development of 
a new crystallization kinetics model for polymers undergoing drying processes.27,28  This 
model utilizes the Vrentas-Duda free volume theory to determine the mobility of the 
amorphous phase in the presence of solvents and their capability to form crystals.  However, 
an accurate estimation of the rate constant of crystallization is important to be able to 
accurately predict the drying kinetics using the model.  
 In this study, we focus on bridging the experimental techniques and mathematical 
modeling to better understand the changes in degree of crystallinity of the PVA during drying.  
We monitored the intensity of the 1141cm-1 band throughout the drying experiment under 
various conditions to determine which factors influence the development of crystalline 
structures.  Data collected from the studies were used in our model to validate the 
crystallization kinetics model that we developed, as well as to obtain a better estimation of 
the kinetics rate constant in the model.  
 
Experimental  
 
Materials  
 PVA powders with molecular weight 17,600, 35,240 (Elvanol® grades, E. I. du Pont 
de Nemours, Wilmington, DE) and 133,000 (Polysciences, Warrington, PA) were used 
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without further purification.  The PVA sample with nM = 17,600 was partially hydrolyzed 
(degree of hydrolysis ~ 88%) while PVA samples with nM = 35,240 and 133,000 were fully 
hydrolyzed (degree of hydrolysis > 99%).  The polydispersity indices of the polymers were 
2.15. 
 
Sample Preparation 
 The weight of PVA powders were measured and added into a water-methanol mixture 
to produce a 10%(w/v) PVA solution.  The solution was heated at 75oC for 6-8 hours and 
stirred periodically to achieve homogenous solution.  The PVA solutions were kept within a 
40oC oven until they were used in the experiments. 
 
Experimental Details 
 Nicolet 7600 spectrometer (Thermo Electron, Waltham, MA) was used for all the FT-
IR experiments.  A single zinc selenide screen was used in the experiment for its high 
transmission at low wavenumbers.  A small amount of PVA solution (1 mL) was deposited 
on the screen and then positioned in transmission mode within the FT-IR.  The wavelength of 
interest ranges from 700cm-1 to 4000cm-1, with resolution of 4cm-1 and 32 scans.  The spectra 
of the polymer-solvent system were taken every minute for the first fifteen minutes and every 
five minutes for the remainder of the hour.  Omnic© and TQ Analyst© software (Thermo 
Electron, Waltham, MA) were used to collect and analyze the spectra.  Figure 1 shows the 
increase in intensity of the 1141cm-1 band during drying.  Film produced had an average 
thickness of 30 µm.  For the temperature studies, TLC 50 temperature cell and its controller 
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(Quantum Northwest, Spokane, WA) was used to regulate the temperature of the screen and 
its surrounding environment.  A custom holder was made to fit screen to the temperature cell. 
 Differential scanning calorimetry (DSC) (DSC7, Perkin-Elmer, Boston, MA) was 
used as an independent method to determine the crystallinity of the PVA film.  A small 
sample (5mg) of the film was encapsulated in aluminum sample and was heated from 25oC to 
250oC at rate of 10oC/min.  The melting curves were analyzed and the required heats were 
compared to the literature value of a pure PVA crystal to obtain the degree of crystallinity of 
the film.12  
 
Mathematical Model 
 The mathematical model developed previously aimed to understand the interaction 
between diffusion of solvents, possible glassy skin formation, and the effect of crystallinity 
during the drying process of semicrystalline polymer films.27,28  The model incorporates a 
new crystallization kinetics and a multicomponent diffusion scheme which is based on 
Vrentas-Duda free volume theory and Flory-Huggins thermodynamic theory as well.  For the 
crystallization kinetics, we expanded the kinetics expression first developed by Ramesh29 to 
be used in a ternary system.  In this approach, the transformation of the crystalline phase to 
the amorphous phase is described by a reaction with a reaction rate constant, k.  In the 
presence of two solvents, the rate of crystallization, rc, is given by Equation 1.   
( ∞−−= vvV
vkrc
4ˆ
) (1) 
Here,  is the specific volume of the crystalline phase, v is the volume fraction of the 
crystalline phase at time t, and v
4Vˆ
∞ is the volume fraction at time t → ∞.  The originality of 
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Equation 1 comes from the definition of the reaction rate constant, k.  Simply, it depends on 
the mobility of the amorphous polymer in the amorphous phase as given by Equation 2.   
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In Equation 2, k0 is the pre-exponential factor, , , are free volume parameters while ω*iˆV
R
ijξ i 
are the weight fraction of polymer and solvents and γ
FHVˆ  denotes total hole free volume 
available for diffusion.  The details of the full mathematical model can be found elsewhere.28  
The initial and operating conditions used in the models reflect those that were used in the FT-
IR experiments, as shown in Table 1.  From the experimental work, the value of k0 in 
Equation 2 was determined. 
 
Results and Discussion 
 To accurately determine the degree of crystallinity of PVA using an infrared 
technique, a quantitative relationship between crystallinity and intensity of the peak at 
1141cm-1 is needed.  PVA films with various degrees of crystallinity were prepared and the 
intensities of its 1141 cm-1 band were recorded.  The films were then subjected to DSC 
measurements to determine their degree of crystallinity.  A linear relationship between the 
crystallinity and the intensity of the 1141cm-1 peak was established and is consistent with 
previous studies.11,14 
 Several studies were conducted to examine the degree of crystallinity of the polymer 
and the effect of initial solvent composition, drying temperature and molecular weight on the 
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initial crystal growth rate and the final degree of crystallinity.  Figure 2 shows the 
crystallinity of PVA during drying with different initial solvent compositions by volume 
(water:methanol ratios of 4:1, 2:1 and 1:1).  The molecular weight ( nM = 133,000) and the 
drying temperature (25oC) were held constant.  In the first 4 minutes, the intensity of the 
1141 cm-1 peak was very weak and no meaningful data could be extracted.  The first sign of 
the peak development occurred at 5 minutes and the crystallinity of the polymer increased 
rapidly until it reached a plateau around 25 min.  The final degree of crystallinity of the film 
was measured using DSC after the drying and the degree of crystallinity found was 
comparable to the data from FT-IR.  Comparing the different initial solvent compositions, 
there was a slight increase in the rate of crystallization in the water:methanol 1:1 ratio sample 
compared to the lower methanol ratio samples.  The differences in initial rate of 
crystallization between the water:methanol 2:1 ratio sample and water:methanol 4:1 ratio 
sample were less apparent.  Further statistical analysis of the data showed that there was a 
significant difference between the results from water:methanol 1:1 ratio samples and the 
others samples from 4 min, when crystallization was detected, to 8 min, when the rate of 
crystallization slowed down considerably.  For the comparison between water:methanol 2:1 
and 4:1 ratio samples, we found no significant difference between the degree of crystallinity 
of the samples.  Overall there were no significant differences between all three samples for 
the final degree of crystallinity.  Using these data, simulations were performed and the results 
are shown in Figure 3.  Similar trends were found to exist in the simulation results, where the 
increase in initial methanol composition has a slight positive effect on the rate of crystallinity.  
This is consistent with the experimental results.  Nevertheless, from the experimental data, 
the differences in initial rates of crystallinity of water:methanol 2:1 and 4:1 samples are small 
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and within experimental error.  The k0 value of 650 was found to fit the experimental data 
well.  In Equation 1, the knowledge of the value of v∞ was required before the simulation, 
and the data obtained through the DSC experiments were used.  The increase in methanol 
composition with the decrease in water composition caused a decrease in the total hole free 
volume system since contribution of water to the total free volume of the system is larger 
than that of methanol.  Consequently, the mobility of the polymer in the amorphous phase 
and its ability to form crystals increased. 
 The increase of drying temperature (25oC, 75oC) increased the rate of crystallization 
as well as the final crystallinity of the film, as shown in Figure 4.  The molecular weight 
( nM = 133,000) and the initial solvent composition (water:methanol ratios of 1:1) were held 
constant.  Using the same rate constant, the close fit of the simulation results demonstrated 
that the relationship between drying temperature and crystallinity can be explained by free 
volume based new rate equation for crystallization.  The increase in drying temperature 
increased the free volume within the sample.  Consequently, the mobility of the polymer to 
align itself and to form crystals significantly increased.  To study the effect of molecular 
weight on the development of crystals, three PVA samples with different molecular weights 
( nM = 17,600, 35,240, and 133,000) were used.  The drying temperature (25
oC) and the 
initial solvent composition (water:methanol ratios of 1:1) were held constant.  The results 
were shown in Figure 5.  As expected, the higher molecular weight sample ( nM = 133,000) 
had the lowest crystallization rate and final crystallinity, which shows length of the polymer 
chains has a profound effect in the ability of the chain to align itself to form crystals.  
However, the crystallization kinetics of the nM = 17,600 and 35,240 samples did not show 
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any significant differences.  A possible reason for this is the difference in degree of 
hydrolysis of the samples used.  For samples made with PVA of nM = 17,600, the degree of 
hydrolysis was ~ 88%, while the sample with PVA of nM = 35,240 had a degree of 
hydrolysis of > 99%.  Since PVA is made by hydrolyzing poly(vinyl acetate), the degree of 
hydrolysis show completeness of that reaction.  A lower degree of hydrolysis in the samples 
means that the samples still contained a substantial amount of acetate groups in the polymer 
chain.  The acetate groups in the polymer chain are bulkier and change the size and shape of 
the molecule, thus making it harder to align and form crystals.  There were no simulation 
results accompanying the experimental data in this study because our mathematical model 
does not take into account the molecular weight of the sample.  Furthermore, the relationship 
between the crystallinity of a semicrystalline polymer and its molecular weight varies 
depending on the material chosen. 
 
Conclusions 
 We have examined the use of FT-IR as a tool to determine the degree of crystallinity 
of PVA in the presence of solvents as it is subjected to drying conditions.  With the results 
obtained from the experiments, we were able to extract the crystallization rate constant from 
our simulations, which were found to fit the experimental data well.  We performed three 
studies to investigate the effect of initial solvent composition, drying temperature, and 
molecular weight on the rate of crystallization as well as the final crystallinity of the film.  
Our studies showed that the increase in initial methanol composition had a slightly positive 
effect on the crystallization rate, yet it did not have a significant effect on the final 
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crystallinity of the film.  The increase in drying temperature and the decrease in PVA 
molecular weight showed significant increases in the rate of crystallization as well as the 
final degree of crystallinity.  The simulation results agreed well with the experimental data 
and showed the ability of Vrentas-Duda free volume base rate expression to explain the 
crystallization behavior of PVA during drying.  This validated and further improved the 
predictive capability of our previously developed mathematical model. 
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Table 1.  Initial and operating conditions for the crystallization studies carried out.  
Methanol Concentration Studies (Water:Methanol) 4:1 2:1 1:1 
     Initial volume fraction of solvent 1 0.8 0.67 0.5 
     Initial volume fraction of solvent 2 0.2 0.33 0.5 
     Operating temperature (K) 298 298 298 
    
Drying Temperature Studies (oC) 25 75  
     Initial volume fraction of solvent 1 0.5 0.5  
     Initial volume fraction of solvent 2 0.5 0.5  
     Operating temperature (K) 298 348  
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Drying time 
1141cm-1 peak 
growth 
Figure 1.  The FT-IR spectra of poly(vinyl alcohol) during drying, showing the development 
of the crystalline-sensitive peak of 1141cm-1.  
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Figure 2.  Comparison of the degree of crystallinity with different initial solvent composition 
from FT-IR experiment.  (⃟) represents the initial water:methanol ratio of 4:1 by 
volume, while (▲) represents water:methanol ratio of 2:1 and (⃞) represent 
water:methanol ratio of 1:1. 
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Figure 3.  Comparison of the degree of crystallinity with different initial solvent composition 
from simulations with k0= 650.  (━━━) represents the water:methanol ratio of 4:1 
while (───) represents water:methanol ratio of 2:1 and  (┄ ┄ ┄) represents 
water:methanol ratio of 1:1. 
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Figure 4.  Comparison of the degree of crystallinity with different drying temperature from 
FT-IR experiment and simulation.  (⃟) and (━━━) represent the drying 
temperature of 25oC from FT-IR experiment and its simulation counterpart, while 
(▲) and (───) represent the drying temperature of 75oC from FT-IR experiment 
and its simulation counterpart. 
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Figure 5.  Comparison of the degree of crystallinity with different polymer molecular weights 
from FT-IR experiments.  (⃟) represents nM = 17,600, while (▲) represents 
nM = 35,240 and (⃞)represents nM = 133,000. 
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CHAPTER 5 
Investigation of the Effectiveness of Multi-zone Drying Schemes in Lowering the 
Residual Solvent Content During Multi-component Drying of Semicrystalline Polymers 
 
A paper submitted to Journal of Applied Polymer Science 
 
Sim-Siong Wong1, Sacide Alsoy Altınkaya2, Surya K. Mallapragada1 
 
Abstract 
The development of a glassy skin in multi-component semicrystalline polymer 
systems limits the diffusion of solvents out of the system and increases residual solvent levels.  
Based on the results of a mathematical model that we had previously developed, we have 
proposed a multi-zone drying scheme aimed at lowering the residual solvent levels by taking 
into account the effect of interactions between the various solvents as predicted by the model.  
This paper focuses on the application of this model to develop optimal drying schemes and to 
verify the effectiveness of these predictions using experimental techniques.  The 
mathematical model developed previously to study the diffusion of multiple solvents and 
changes in the crystallinity of semicrystalline polymer systems during drying incorporates 
many features including Vrentas-Duda diffusion theory, solvent-induced crystallization 
kinetics, as well as glass transition effects and skinning of the film.  The multi-zone drying 
system was developed by varying the drying temperature in each zone, as well as changing 
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the partial pressure of individual solvents during the drying process.  The effectiveness of the 
multi-zone drying schemes predicted by the model was validated experimentally using 
thermogravimetric methods.  The polymer-solvent system chosen was a poly(vinyl alcohol)-
water-methanol system.  Our experimental data suggested that the multi-zone drying schemes 
were superior to a single zone drying system through direct comparison.  Further 
examination of the mathematical model yielded individual solvent profiles and these data 
reaffirmed our conclusions that multi-zone drying scheme has the ability to reduce the effect 
of solvent trapping and thus lower the overall residual solvent content. 
Keywords: modeling, crystallization, semicrystalline polymers, thermogravimetric analysis 
(TGA), drying 
 
Introduction 
A good understanding of solvent diffusion and crystallization processes are important 
in the proper design of drying processes for semicrystalline polymers.  Although the drying 
process of semicrystalline polymer systems with single solvents has been investigated 
extensively,1-3 the knowledge of drying processes of semicrystalline polymer systems 
involving multiple solvents is still scarce.  As the polymer films undergo a drying process, 
their structure and properties change, and careful monitoring is needed to ensure that the 
quality of the product meets the required specification.  Polymer microstructure, mechanical 
properties, defect formation, and residual solvent content are some of the important factors 
that need to be considered when designing a proper drying system.4,5 
The growth of crystalline structures within the polymer poses a significant challenge 
that previous models of solvent removal from amorphous polymers6-14 cannot fully describe.  
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The formation of crystalline structures hinders the movement of solvents within the polymer, 
while the transport of solvents has a direct effect on the rate of crystal formation.  This 
interdependence of crystallization and solvent transport is an important feature that needs to 
be studied extensively.  Another potential problem during drying process is the formation of 
a glassy skin.  Glassy skin formation occurs when the solvents are removed from the system 
and the local glass-transition temperature of the system drops below the drying temperature.  
Glassy skin formation could further hinder the removal of solvents and may cause solvent 
trapping.  We have developed mathematical models to describe these behaviors,15,16 and this 
paper focuses on application of these models to develop optimal drying schemes, and 
verification of these theoretical results with using experimental techniques. 
The amount of harmful solvent residues are exceptionally important for consumer 
products and food packaging,17-19 and the optimization of the drying process to achieve 
minimum residual solvent receives top priority.  The mathematical models that we have 
previously developed integrate Vrentas-Duda free volume theory20,21 with crystallization 
kinetics and glassy skin formation to paint a detailed picture of the concentration of multiple 
solvents and the development of crystallites within polymer films.15,16  From our previous 
simulation results involving multiple solvent systems, the residual solvent trapped in the film 
maybe higher than acceptable and desirable levels depending on drying conditions.  We 
found that the interaction of the solvents within the film plays a important role in determining 
the rate of diffusion of individual solvents and its residual solvent content.  In our test system, 
poly(vinyl alcohol) (PVA)-water-methanol system, we found from model predictions that 
methanol was trapped in the rubbery zone as drying continued, and the solvent-solvent 
interactions are the key factor.  The trapping of methanol at the rubbery region increased the 
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overall residual solvent content in the system and may have an effect on the overall 
properties of the end product.  Our simulation results indicated that the presence of water 
within the film helps the diffusion of methanol,15,16 and this is due to an increase in  free 
volume within the film by water.  In addition, the presence of water lowers the rate of glassy 
skin formation and growth, thus allowing more methanol to be removed before it is trapped.   
Cairncross et al.8 and Alsoy22 have analyzed the drying behavior of amorphous 
polymer-solvents coatings in multiple zone ovens and they have demonstrated that multi-
zone ovens can be used to reduce the residual solvent content by controlling the vapor phase 
composition, air temperature and air velocity in each zone.  Additionally, these studies have 
shown that by varying the operating conditions at the entrance of each zone, bubble 
formation due to solvent boiling can be eliminated without lowering the process speed.  
Based on the findings from these studies, we have proposed a multi-zone drying scheme that 
will take advantage of the interactions between diffusion of water and methanol.  We have 
chosen to study the effect of drying temperature and partial pressure of solvents as they are 
expected to have the most profound effect.  In our case, a two zone drying scheme was set up 
with a low temperature zone followed by a high temperature zone.  The purpose of the lower 
temperature zone is to reduce the difference in the diffusion rate of water and methanol to 
promote the removal of methanol.  The higher temperature zone that follows will drive out 
the remaining residual solvent to achieve minimum solvent levels.  The control of partial 
pressure of solvent was achieved by introducing humidity during the drying process.  The 
role of increasing the partial pressure of one solvent in the drying process would be to 
provide selectivity of removal of the other solvent in a multi-component system.  By 
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lowering the mass transfer driving force of a particular solvent, the rate of solvent removal of 
an individual solvent can be adjusted selectively.  
 
Experimental 
 
Materials 
Poly(vinyl alcohol) (PVA) powders with molecular weight 133,000 (Polysciences, 
Warrington, PA) were used without further purification.  The PVA used was fully 
hydrolyzed (degree of hydrolysis >99.0%) with a polydispersity index of 2.15.  The PVA 
solution (10% w/v) was prepared by dissolving the PVA powder in water-methanol mixture 
at 75oC for 6 hours.  The composition of the water-methanol mixture varies from 1:1 
water:methanol volume ratio to 4:1 water:methanol volume ratio.  The PVA solutions were 
kept at 40oC until they were used in drying experiments. 
 
Degree of Crystallinity 
The final degree of crystallinity of the polymer was determined using differential 
scanning calorimetry (DSC) (DSC7, Perkin-Elmer, Boston, MA).  A small sample of 
polymer of known weight was heated from 25oC to 250oC at 10oC/min to determine its 
melting profile.  The ΔHmelt measured using this technique was compared to the ΔHmelt of 
pure PVA crystals from literature (138.6 J/g).23  The data was used in the mathematical 
model. 
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Drying Kinetics 
The drying experiments were performed using thermogravimetric analysis (TGA) 
(TGA7, Perkin-Elmer, Boston, MA) to monitor the weight of the sample and control the 
temperature of the environment as drying occurred.  A 40mg sample from the stock solution 
was used in each of the experiments.  A consistent 30 ml/min top-side air flow was used 
throughout the experiment.   
Three different drying conditions were designed to investigate the effectiveness of the 
multi-zone drying scheme.  The first set of experiments involved single zone drying at a 
drying temperature of 75oC for 3 hours (Case 1).  The second set of experiments involved 
two zones with drying temperatures of 25oC for 1 hour followed by 75oC for an additional 2 
hours (Case 2).  The third set of experiments was similar to the second set with one 
modification: during the first zone (25oC), humidity was introduced through the incoming air, 
and dried air was used when the temperature was raised to 75oC (Case 3).  Humidity was 
introduced by bubbling the incoming air through a gas bubbler filled with water to increase 
the partial pressure of water in the drying environment.  These drying schemes were 
established based on our knowledge of the effect of temperature and partial pressure of 
solvents on the residual solvent, as well as the connection between the rates of diffusion of 
water and methanol. 
 
Mathematical Modeling 
The mathematical model previously developed takes into account multicomponent 
diffusion of the solvents as well as solvent-induced crystallization. Figure 1 shows a 
schematic of the development of glassy skin and crystal formation as solvents were removed 
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from the system.  A polymer solution involving two solvents, with thickness L0, was 
deposited on a substrate and subjected to various drying conditions.  As solvents are removed 
from the system, the thickness of the film, L, decreases while a layer of glassy skin, R, was 
developed and created a glassy region on top of the rubbery region.  In the rubbery region, 
crystals are formed due to solvent-induced crystallization.  A detailed description of the 
model and its governing equations can be found elsewhere.16  To vary the operating 
conditions within the model, smoothed Heaviside function with continuous first derivative 
without overshoot was used to avoid problems associated with discontinuity of variables.  
The initial and operating conditions of the model mimic the initial and operating conditions 
of the experiments described previously.  This allows comparison of the experimental data 
and simulation results as well as provides additional information for that was not available 
through experimental means regarding the drying scheme.  MATLAB® (MathWorks, Natick, 
MA) and COMSOL Multiphysics® (Comsol, Burlington, MA) software were used to solve 
the model equations.   
 
Results and Discussion 
To study the effectiveness of the multi-zone drying scheme, the overall residual 
solvent content in the two zone drying scheme was compared with a single zone drying 
scheme, and the results are shown in Figures 2-4.  Figures 2a-2c compare the effectiveness of 
Case 2 to Case 1.  The y-axis was plotted on the log scale to better showcase the differences 
between the different drying schemes.  In Figures 2a-2c, the performance of the two zone 
drying scheme began to overtake the single zone drying scheme after about 100-120 minutes 
and continued to improve after 3 hours of drying.  On average, the two zone drying scheme 
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achieved 30% improvement in overall residual solvent level over the single zone drying 
scheme.  In Figures 3a-3c, we observed the same behavior where the two zone drying 
scheme (Case 3) outperformed the single zone drying scheme after about 2 hours drying time.  
After 3 hours, the two zone drying scheme surpassed the single zone drying scheme by an 
average of 32% in overall residual solvent level.  Figure 4 shows the comparison of final 
residual solvent for each case with different initial solvent compositions.  From the figures, 
we find that as the composition of methanol in the film increased, the final overall residual 
solvent increased.  This was another indication that methanol trapping was likely the cause of 
high residual solvent in the film.  After comparing the results obtained in Cases 2 and 3, the 
humidity effect was not found to have a significant influence when there was a high 
composition of water present in the film.  This suggests that the positive effect of water on 
methanol removal has a limiting effect.  For the 4:1 water:methanol initial ratio, the 
additional humidity did not improve the overall residual solvent.  As the initial composition 
of methanol increased, a 5% and 14% improvement in residual solvent level between Cases 2 
and 3 was observed in the final dried film.  
To bridge the information obtained from experiments and the insights that the 
mathematical model provides, the exact operating conditions of the experiments were 
inserted into the mathematical model.  Table I lists the common initial and operating 
conditions as well as the properties of the polymer system.  Table II lists the initial and 
operating conditions that are unique to each case with various initial compositions of water 
and methanol.  Based on the parameters listed, the simulations were performed and the 
results were compared with the experimental data as shown in Figure 5.  Figures 5a-5c show 
the comparison of experimental data and simulation predictions for the 4:1 water:methanol 
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ratio for each case.  Overall, the simulation results matched well with the experimental data 
obtained.  The simulation results for other compositions showed similar good agreement with 
the experimental data obtained.  This allowed further examination of the mathematical model 
to extract additional information that was not available through experimental methods: the 
composition of individual solvent.  Figures 6 and 7 were the volume fraction of water and 
methanol across the film during drying, respectively.  Figure 7 shows that the methanol 
composition in the rubbery zone is much higher than the glassy zone which is an indication 
of methanol trapping.  The results from these local compositions were integrated to obtain 
the individual residual solvent level and Figure 8 shows the final composition of methanol 
and water for each case and initial composition.  There is a clear improvement in the 
methanol residual content in the two zone drying scheme compared with the single zone 
drying scheme regardless of the initial composition of methanol.  This agreed well with our 
experimental data that showed that a two zone drying scheme was more effective in removal 
of solvents, and solvent trapping can be reduced using such a scheme.  Overall, as the initial 
composition of methanol increased, the final residual solvent content increased.  This was 
consistent with the experimental data obtained.  However, this increase in initial composition 
had an unexpected effect on the residual content of water.  Figure 8 shows that the residual 
content of water increased as the initial composition of methanol increased.  This raises the 
question of the possible negative effect of methanol on water removal from the system, and 
will require further investigation, and it is possibly due to interaction of the two solvents in 
the PVA films.  The addition of humidity into the drying scheme has a positive effect in 
removing methanol, but its effect on water removal is not clear. 
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Conclusions 
Based on the results of a previously developed mathematical model, we have 
proposed a multi-zone drying scheme and examined the efficacy of such a scheme compared 
with the single zone drying scheme in reducing residual solvent content in a multi-
component semicrystalline polymer system.  We found that the multi-zone drying scheme 
was superior in reducing the overall residual solvent of the film.  Through the mathematical 
model, we were able to replicate the experimental conditions, and found that the results from 
both match well.  Furthermore, we were able to obtain the contents of individual solvents 
within the film using the model and examine the overall total solvent level during the course 
of drying.  The use of the mathematical model provides information that is not readily 
available through experimental means and this will help to better understand the interactions 
between solvents and polymers during the drying process.  There are many approaches 
towards improving drying operations, and this model can be used as a tool to design a better 
drying system. 
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Table 1. Properties of the polymer system.24,25 
System properties   
     Heat capacity,  ppCˆ 1.674 J g
-1 K-1
     Density of polymer,  pρ 1.294 g cm-3
     Heat of vaporization of water,  1HˆΔ 2404 J g-1
     Heat of vaporization of methanol,  2HˆΔ 1155 J g-1
     Crystallization kinetic coefficient, k0 2×10-6 s-1
     Parameter for glassy-rubbery boundary, a 3×10-5  
     Parameter for glassy-rubbery boundary, b 2  
       
Substrate properties   
     Heat capacity,  spCˆ 0.84 J g
-1 K-1
     Density of substrate,  sρ 2.6 g cm-3
     Substrate thickness, H  0.012 cm 
   
Initial and operating conditions   
     Initial temperature, T0 298 K 
     Initial thickness, L0 1 mm 
     Initial volume fraction of crystalline polymer, v0 0.001  
     Initial volume fraction of amorphous polymer, u0 0.099  
     Heat transfer coefficient, h 0.029 W cm-2 K-1
     Solvent 1 mass transfer coefficient, k1m 2.07×10-10 s cm-1
     Solvent 2 mass transfer coefficient, k2m 1.67×10-14 s cm-1
     Mole fraction of solvent 2 in gas 0  
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Table 2. Initial and operating conditions for PVA/water/methanol system for simulation 
test.24,25  
 Case 1 Case 2 Case 3 
4:1 water:methanol ratio    
     Initial volume fraction of solvent 1, w10 0.72 0.72 0.72 
     Initial volume fraction of solvent 2, w20 0.18 0.18 0.18 
     Operating temperature, Tout (K) 348 298/348 298/348 
     Partial pressure of solvent 1 in gas, P1b (Pa) 0 0 600/0 
    
2:1 water:methanol ratio    
     Initial volume fraction of solvent 1, w10 0.6 0.6 0.6 
     Initial volume fraction of solvent 2, w20 0.3 0.3 0.3 
     Operating temperature, Tout (K) 348 298/348 298/348 
     Partial pressure of solvent 1 in gas, P1b (Pa) 0 0 600/0 
    
1:1 water:methanol ratio    
     Initial volume fraction of solvent 1, w10 0.45 0.45 0.45 
     Initial volume fraction of solvent 2, w20 0.45 0.45 0.45 
     Operating temperature, Tout (K) 348 298/348 298/348 
     Partial pressure of solvent 1 in gas, P1b (Pa) 0 0 600/0 
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Figure 1. The illustration of drying of semicrystalline polymers. 
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(a) 
 
 
(b) 
 
 
(c) 
 
Figure 2. Comparison of the overall residual solvent content (weight %) for Case 1 (75oC) 
and Case 2 (25oC/75oC) for (a) 4:1 water:methanol ratio, (b) 2:1 water:methanol 
ratio and (c) 1:1 water:methanol ratio.  (♦) represents residual solvent  for Case 1, 
while (⃞) represents solvent residue for Case 2. 
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(a) 
 
 
(b) 
 
 
(c) 
 
Figure 3. Comparison of the overall residual solvent content (weight %) for Case 1 (75oC) 
and Case 3 (25oC humidity/75oC) for (a) 4:1 water:methanol ratio, (b) 2:1 
water:methanol ratio and (c) 1:1 water:methanol ratio.  (♦) represents residual 
solvent  for Case 1, while (⃞) represents solvent residue for Case 3. 
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Figure 4. Summaries of the final overall residual solvent content for the different cases. 
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(a) 
 
 
(b) 
 
 
(c) 
 
Figure 5. Comparison of overall residual solvent content based on simulation results and 
experimental data for (a) Case 1 (75oC), (b) Case 2 (25oC/75oC) and (c) Case 3 
(25oC humidity/75oC).  (♦) represents residual solvent  level obtained from 
experimental data, while (-) represents residual solvent levels obtained from 
simulation results. 
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Figure 6. Volume fraction of water in rubbery and glassy regions during drying (75oC), (—) 
represents the volume fraction profile at 10 min into drying.  (···), (· – ·), and (─) 
represent the volume fraction profile at 30 min, 60 min and 90 min into drying 
respectively.  
 
 145
 
 
Figure 7. Volume fraction of methanol in rubbery and glassy regions during drying (75oC), 
(—) represents the volume fraction profile at 10 min into drying.  (···), (· – ·), and (─) 
represent the volume fraction profile at 30 min, 60 min and 90 min into drying 
respectively.  
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Figure 8. Final residual solvent content for individual solvents obtained from simulation 
results. 
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CHAPTER 6 
Conclusions and Future Directions 
 
 We have examined the multicomponent drying behavior of semicrystalline polymers 
through experimental and theoretical means.  We have developed a mathematical model to 
predict the drying behavior using Vrentas-Duda free volume theory and solvent-induced 
crystallization kinetics to probe the interactions between various components of drying.  
These includes the diffusion of multiple solvents within the system, the interconnectivity 
between crystallization and solvent diffusion, the effect of external conditions such as mass 
transfer rate and drying temperature, as well as the effect of evaporation of solvent that leads 
to film shrinkage.  The model provided insights into these how these individual components 
affect the overall solvent removal rate and showed which components dominates the drying 
process at different periods.  The model we developed was not polymer specific, and with the 
availability of model parameters, different polymer-solvent systems can be studied.  Along 
with the modeling, experimental techniques were used to study the polymer system and 
compared the results to that of the model.  We found good agreement between the model 
prediction and experimental data.   
 We further developed another mathematical model to investigate the drying behavior 
of glassy polymer systems, and investigated how the glass skin formation affected the drying 
process.  The main distinction between this model and the previous model is that the 
development of glassy skin essentially creating two different zones within the system and 
these zone having transport and crystallization characteristics significantly different from 
each other.  Hence, new spatial coordinates and new mathematical formulations were 
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developed to tackle this problem.  Our results showed that there was a major difference in 
solvent diffusion behavior inside each zone, and the glassy rubbery transitions need to be 
accounted in the modeling of the drying processes.  Again, experimental techniques were 
used to validate the model’s predictions.   
 We examined the degree of crystallinity of poly(vinyl alcohol) during drying using 
infrared spectroscopy.  As with previous studies, the results were compared to the 
mathematical models and we are able to accurately determine the crystallization kinetics rate 
constant and make the model more predictive.  This also allowed us to examine the 
crystalline phase formation through the free volume theory, and confirmed the ties between 
solvent diffusion and crystallinity of the polymer. 
 Finally, based on the insight into the solvent diffusion patterns and the knowledge of 
glassy skin formation, we developed a multi-zone drying scheme and examined its efficacy 
in comparison to the single zone drying.  The goal of this study was to determine a superior 
scheme for lowering the final residual solvent content of the polymer film.  The solvent 
content in the film is one of the crucial parameters in designing a drying process due to the 
harmful nature of the solvents used in most cases, as well as regulatory requirements for 
consumer products.  We found that the multi-zone drying scheme was better in lowering the 
total solvent residue as studied using thermogravimetric methods.  Slight modifications were 
made to the mathematical models to improve their capability to incorporate multi-zone 
drying schemes and the results obtained supported the experimental findings.  Also, the 
simulation results yielded data that cannot be obtained from experimental studies such as 
concentrations of the individual solvents, and that knowledge further improves our 
understanding of the drying behavior of semicrystalline polymer. 
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 Though this ended a stage in the search of knowledge in the drying behavior of 
semicrystalline polymer, another stage has begun.  Groundwork has been laid for an in-depth 
examination of the role of glass transition temperature in determining the development and 
growth of the glassy skin, as well as its effect on solvent diffusion in both regions.  A new 
method of calculating glass transition is needed as there are no equations available for ternary 
systems and how solvent-solvent interactions within the polymer affect the glass transition 
temperatures.  With the understanding of how glass transition temperature changes during 
drying, a precise prediction of the development of the glassy skin can be made, and thus 
improves the accuracy and functionality of the model.  Since glass transition temperature is 
one of the most important factors that characterizes a polymer’s potential application, the 
understanding and ultimately the control of glass transition temperature during drying is 
crucial.  
 Until now, the focus of the research has been on the basic understanding of the drying 
behavior of semicrystalline polymers.  Logically, the next step should involve understanding 
the connection between the drying behavior and the resulting properties of the films or 
coatings produced.  This includes mechanical properties such as tensile strength, fatigue and 
viscoelasticity of the polymer.  Other characteristics that are important for a specific 
application that might be affected by drying should be examined as well.  For example, in 
food packaging industries, the oxygen permeability is a key factor in the selection of 
materials and processing techniques.  The effect of drying conditions on the microstructure of 
the polymer should be studied in relation to the oxygen permeability of the film produced. 
 The impact of this research project is the not only an improvement in understanding 
the drying behavior of semicrystalline polymers, but to use these insignths to open up new 
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avenues to approach solvent removal.  By identifying the contribution of each component of 
the drying process, steps can be taken to alter the drying process to achieved desired results.  
For instance, an understanding of how two solvents within the polymers interact and have an 
effect of residual solvent content, can be potentially used by incorporating solvent additives 
in existing processes to improves the solvent removal, as well as provide additional control 
and optimization of drying processes.   
